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Abstract
The cornerstone of the Chinese experimental particle physics program
consists of a series of experiments performed in the tau-charm energy
region. China began building e+e− colliders at the Institute for High
Energy Physics in Beijing more than three decades ago. Beijing Elec-
tron Spectrometer, BES, is the common root name for the particle
physics detectors operated at these machines. The development of the
BES program is summarized and highlights of the physics results across
several topical areas are presented.
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1. BES AND TAU-CHARM ENERGY REGION PHYSICS
The Beijing Spectrometer experiments, BESI, BESII, and BESIII, have a long history
of operation at the Beijing Electron Positron Colliders, BEPC and BEPCII, located at
the Institute for High Energy Physics, IHEP, in Beijing, China. BEPC and BEPCII
were designed to operate in the tau-charm center-of-mass (CM) energy region from
2 to 5 GeV. This region provides access to a broad range of physics topics, including
charmonium and charm physics, hadron studies, determination of the tau mass, R
measurements, and investigations of the still-mysterious XY Z particles.
This energy region has been instrumental in understanding various aspects of
the Standard Model of elementary particle physics. Figure 1 shows the cross section
for electron-positron annihilation to hadrons divided by the cross section to muons,
R = σ(e+e− → hadrons)/σ(e+e− → µ+µ−), in the CM energy range from 1.3 to
5.0 GeV. Except for the large J/ψ and ψ(2S) charmonium resonances, the region
below about 3.7 GeV is relatively flat with an R value determined approximately by
the number of kinematically accessible quark flavors (up, down, and strange) with
each quark coming in three “colors.” The R measurements provided some of the first
evidence for “color” in Quantum Chromodynamics (QCD) (1).
CROSS SECTION
(σ): An effective
area that, given the
integrated
luminosity,
determines the
likelihood an event
is produced. Units:
cm2 or barns (1
barn = 10−24 cm2).
The discovery of the J/ψ (3), composed of a charm and an anti-charm quark (cc¯)
was instrumental in establishing the existence of charm and in convincing physicists
of the reality of the quark model (1). The region above 4.6 GeV is again relatively
flat, but at a higher value due to crossing the charm production threshold.
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1J/ψ ψ(2S)
ψ(3770)
ψ(4040)
ψ(4160)
ψ(4415)
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Fig. 4. R values reported here together with previous measurements below 5 GeV.
at 3.07 GeV, and 2.14± 0.01± 0.07 at 3.65 GeV, which are sum-
marized in Table 1.
As a cross check, the R values are determined using the relation
Rexp = N
obs
had − Nbg
σ 0µµLϵtrgϵ¯had(1+ δ)
, (7)
where ϵ¯had is the hadronic efficiency averaged over all of the ISR
spectrum, and (1 + δ) is the corresponding theoretical ISR fac-
tor. The ISR scheme used to simulate ϵ¯had, ϵ0had and to calculate
(1 + δ) and (1 + δobs) are the same in order to keep the consis-
tency between theoretical calculation and simulation. The R val-
ues determined with Eq. (7) are 2.17 ± 0.01 ± 0.07 at 2.6 GeV,
2.13±0.01±0.07 at 3.07 GeV, and 2.16±0.01±0.08 at 3.65 GeV.
The mean R values obtained using Eqs. (2) and (7) are consistent
to within 1%.
A cross check is also made by selecting hadronic events with
nch > 2 as was done in Refs. [8,9]. In this case, the R values at
the three energy points are 2.20± 0.02± 0.08, 2.13± 0.02± 0.07,
and 2.15±0.01±0.08, respectively. The differences in the mean R
values determined by selecting hadronic events with nch > 1 and
nch > 2 are consistent within 1%.
4. Results and discussion
Tables 1 and 2 list the quantities used in the determination of
R using Eq. (2) and the contributions to the total error. The re-
sults are shown in Fig. 4, together with previous measurements.
The errors on the R values reported here are about 3.5%. The R
values are consistent within errors with the prediction of pertur-
bative QCD [4].
Compared with our previous results [8,9], the measurement
precision has been improved due to three main refinements to the
analysis: (1) the simulation of BES including both of the hadronic
and electromagnetic interactions with a GEANT3 based package
SIMBES that has a more detailed geometrical description and mat-
ter definition for the sub-detectors; (2) large data samples are
taken at each energy point, with statistical errors smaller than
1%; (3) the selected hadronic event sample is expanded to include
one-track events, which supplies more information to the tuning
Table 3
αs(s) determined from R values at 2.600, 3.070, and 3.650 GeV, and evolved to
5 GeV. The first and second errors are statistical and systematic, respectively. Shown
in the last two columns are the weighted averages of the three measurements at
5 GeV and MZ .
√
s(GeV) α(3)s (s) α
(4)
s (25 GeV2) α¯
(4)
s (25 GeV2) α
(5)
s (M2z )
2.60 0.266+0.030+0.125−0.030−0.116 0.212
+0.018+0.068
−0.019−0.086
3.07 0.192+0.029+0.103−0.029−0.101 0.169
+0.022+0.074
−0.023−0.086 0.209
+0.044
−0.050 0.117
+0.012
−0.017
3.65 0.207+0.015+0.104−0.015−0.104 0.189
+0.012+0.082
−0.013−0.091
of LUARLW, and results in the improved values of parameters and
hadronic efficiency.
In another BESII work, parts of the data sample taken at
3.65 GeV with a luminosity of 5.536 pb−1 and at 3.665 GeV with a
luminosity of 998.2 nb−1 are used, the hadronic events with more
than 2-tracks (nch > 3) are selected, and the averaged R value is
R = 2.218± 0.019± 0.089 which has an error of 4.1% [36].
Based on the R values in this work and the perturbative
QCD expansion that computes RQCD(αs) to O(α3s ) [37–39], the
strong running coupling constant α(3)s (s) can be determined
at each energy point [40–43]. The obtained α(3)s (s) values are
evolved to 5 GeV, and the weighted average of the measurements
α¯(4)s (25 GeV2) is listed in Table 3. When evaluated at the MZ scale,
the resulting value is α(5)s (M2Z ) = 0.117+0.012−0.017, which agrees with
the world average value within the quoted errors [4].
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Figure 1
R = σ(e+e− → h drons)/σ(e+e− → µ+µ−) measureme t as a funct on of +e− CM
energy. Also shown are the positions of the J/ψ, ψ(2S), and other higher mass
charmonium states. Modified from Reference (2) with permission.
The ψ(3770) is just above the threshold for producing open-charm DD¯ meson
pairs, and it d cays almost entir ly to DD¯. A D meson is formed from a charm
quark and a light (up, own) a ti-quark. The co plicated region above the ψ(3770)
to about 4.5 GeV is the charm meson resonance r gion, containing additional ψ
resonances and a rich variety of other st tes, including the intrigui g XY Z states.
Although it is not obvious from Fig. 1, th thres old for e+e− → τ+τ− is at
approximately 3.554 GeV. The τ lepton is the third charged lepton, in addition to
the ele tr and the muon.
LUMINOSITY(L):
Measures the
“strength” of
colliding beams.
Units: cm−2 s−1.
INTEGRATED
LUMINOSITY
(
∫
Ldt): The
luminosity times the
total time of the
collisions. Units:
cm−2 or barns−1.
Number of events
expected is given by∫
Ldt× σ.
Remarkably, all this physics is acc ssible t IHEP. BES has data sets at many
CM energies in this region and very large data sets at the J/ψ (1.3 billion events),
ψ(2S) (0.45 billion), and ψ( 770) (2.9 fb−1). These are the world’s largest exclusive
charmonium data sets and allow f r many precis on measurements.
The BES experime ts have published 267 phy ics pa e s up through he end of
2015 and h ve provided an innumerable number of talks and technical papers. In
deciding what physics topics to cover here, we have chosen to give some priority to
those with the most citations. However, e also keep in mind that many citations are
made directly to the Particle D ta Gro p (PDG) (4) listings, and that more recent
papers have had less time to be cited.
2. BEGINNINGS
The history of the development of high-energy physics in China is fascinating and
is detailed in “Panofsky on Physics, Politics and Peace” (5) by Wolfgang K. H.
Panofsky. In 1973, China had decided to build a 50 GeV proton accelerator near the
Ming Tombs outside Beijing. Panofsky was critical of this proposal since the machine
would be expensive and have less energy than similar machines in the US and Europe.
He advised “that an electron-positron collider would be a much better initial venture
for China, because such a machine could serve a dual purpose of serving the economy
by being a facility for synchrotron radiation, while at the same time allowing them
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to enter a field that was just beginning to be explored in the West.”
Following much consultation, the Chinese government agreed to sponsor the con-
struction of the Beijing Electron-Positron Collider at IHEP. This involved collab-
oration with the Stanford Linear Accelerator Center (SLAC). The Chinese sent a
delegation of about 30 engineers and physicists to SLAC in 1982 to make the pre-
liminary design of the machine. Subsequently, the Chinese authorized construction
of the BEPC, and cooperation with SLAC continued. Deng Xiaoping personally
wielded a shovel at the groundbreaking ceremony on Oct. 7, 1984 and returned to
IHEP on Oct. 24, 1988 to celebrate the completion of BEPC. Important dates are
summarized in Table 1.
Joint Committee of Cooperation in High-Energy Physics
In 1979, President Jimmy Carter and Chairman Deng Xiaoping signed the United States-China Agreement
on Cooperation in Science and Technology. The first protocol under this agreement was in high-energy
physics, and a Joint Committee of Cooperation in High-Energy Physics (JCCHEP) has met annually since.
In 2004, it celebrated its 25th anniversary. Panofsky and T. D. Lee, who had both participated since 1979
and made valuable contributions, attended.
3. THE BES EXPERIMENTS
The Beijing Electron-Positron Collider, BEPC (6), originally operated from 1988
until 1995; it was then upgraded, increasing the reliability of the machine and ap-
proximately doubling its luminosity. The upgraded BEPC ran from 1998-2004, when
a major upgrade to BEPCII was started. BEPCII is a two ring collider with 93
bunches and currents of up to 0.91 A in each ring, and a design luminosity of 1×1033
cm−2 s−1 (7). Some parameters of the colliders are given in Table 2.
The configurations of the BES detectors are similar, although the subsystems
themselves are often quite different. For all three, the innermost subsystem is com-
posed of drift chamber(s) to determine the momenta and trajectories of charged
particles in the magnetic field. Next are time of flight (TOF) counters to determine
their velocities, followed by electromagnetic shower counters to measure the energies
of photons and identify electrons. Outside the electromagnetic shower counter is the
coil of the magnet with the flux return instrumented with detectors to identify muons
by their penetration through the iron.
BESI had a central drift chamber (CDC) surrounded by the main drift chamber
(MDC). Its electromagnetic calorimeter was composed of self quenching streamer
tubes interleaved with lead. Details of BESI may be found in Ref. (8). BESI op-
erated from 1989 until 1995, when it was upgraded to BESII, and BEPC was also
upgraded. The upgrade replaced the CDC with a revamped MARKII vertex detector
and replaced the MDC and the barrel TOF system. BESII operated from 1998 until
2004. Details on BESII may be found in Ref. (9).
The current detector is BESIII, which is a new detector with a single small-celled,
helium-based MDC, a plastic scintillator TOF system, a CsI(Tl) electromagnetic
calorimeter, a 1.0 T superconducting magnet, and a muon counter with 9 resistive
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Table 1 Timeline
Dates Exp. Item
1979 First meeting of JCCHEP
1981 T.D. Lee and Panofsky suggest e+e− collider
1982 Deng Xiaoping endorses e+e− collider
4/24/1984 BEPC project officially approved
10/7/1984 Ground breaking (Deng Xiaoping wields shovel)
10/16/1988 First collisions in BEPC
10/24/1988 Inaugural celebration; Deng Xiaoping attends
May 1989 BESI BESI detector moves to interaction region
6/22/1989 BESI J/ψ peak observed in BESI
Jan. 1990 BESI Data taking at J/ψ begins
May 1991 BESI 10 M J/ψ events accumulated
1991 BESI American scientists join; BESI becomes international
Nov. 1991 - Jan. 1992 BESI τ threshold scan
1992 BESI Improved τ mass measurement announced
Jan. 1992 - May 1993 BESI Ds runs (10 pb−1)
1993 - 1995 BESI 4 M ψ(2S) accumulated
1998 - 1999 BESII R-scan from 2 - 5 GeV
Nov. 1999 - May 2001 BESII 51 M J/ψ accumulated
Nov. 2001 - Mar. 2002 BESII 14 M ψ(2S) accumulated
2/14/2003 BEPCII approved
4/30/2004 BEPC shuts down and upgrade begins
6/5/2005 First BESIII Collaboration Meeting
4/30/2008 BESIII BESIII moves to interaction region
7/18/2008 BESIII First hadron events recorded
4/14/2009 BESIII 106 M ψ(2S) events accumulated
7/28/2009 BESIII 225 M J/ψ events accumulated
6/27/2010 BESIII 0.975 fb−1 accumulated at ψ(3770)
5/3/2011 BESIII 2.9 fb−1 accumulated at ψ(3770)
3/31/2012 BESIII 0.45 B ψ(2S) events accumulated
5/26/2012 BESIII 1.3 B J/ψ events accumulated
Dec. 2012 - June 2013 BESIII initial XY Z running
Feb. 2014 - May 2014 BESIII subsequent XY Z running
Dec. 2014 - Apr. 2015 BESIII R-scan from 2 - 3 GeV
Table 2 Some BEPC and BEPCII parameters
Parameter BEPC Upgrade BEPCII
Beam energy (GeV) 1.1 - 2.7 1.0 - 2.8 1.0 - 2.3
Design luminosity (×1033 ) (cm−2 s−1) 0.0065 N/A 1
at beam energy (GeV) 2.2 N/A 1.89
Obtained luminosity (×1033) (cm−2 s−1) 0.007 0049 0.853
at beam energy (GeV) 2.2 1.55 1.89
No. bunches 1 1 93
Beam current (A) 0.03 0.045 0.91 (Nominal)
at beam energy (GeV) 2.2 1.55
Circumference (m) 240 240 237
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plate chamber (RPC) layers in the barrel part and 8 in the end-cap portions in-
terleaved in the steel of the flux return yoke. Details of BESIII may be found in
Ref. (10). Figure 2 shows a schematic view of the BESIII detector, and some details
on all three detectors are summarized in Table 3.
Be beam
pipe
SC magnet
Muon
Counter
Drift
Chamber
CsI(Tl) calorimeter
TOF
Figure 2
Schematic of BESIII detector. Shown are the beryllium beam pipe, main drift chamber,
barrel and end-cap TOF counters, the barrel and end-cap CsI(Tl) electromagnetic
calorimeters, the 1 T superconducting magnet, and the muon resistive plate chambers
embedded in the magnet return yoke iron. The outer radius of the main drift chamber is
0.81 m.
4. τ MASS MEASUREMENTS
In the early 1990’s, the τ lepton appeared to violate the Standard Model. According
to theory, the τ lifetime (ττ ), τ mass (mτ ), electronic branching fraction (B(τ →
eνν¯)) and weak coupling constant gτ are related to one another according to:
B(τ → eνν¯)
ττ
=
g2τm
5
τ
192pi3
, (1)
up to small radiative and electroweak corrections (11). However, this relation ap-
peared to be badly violated, and BES/BEPC was in an excellent position to measure
the τ lepton mass, one of the fundamental parameters of the Standard Model.
In spring 1992, the BES collaboration, composed then of more than 100 Chinese
physicists from IHEP and about 40 American physicists, measured the mass to be
1776.9+0.4−0.5±0.2 MeV/c2 by an energy scan over the τ production threshold using the
reaction e+ + e− → τ+τ− → e+νeν¯τµ−ν¯µντ (12). Approximately 5 pb−1 of data,
distributed over 12 scan points, was collected. The mass was lower than the world
average value at that time by 7.2 MeV/c2, had improved precision by a factor of 7,
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Table 3 Some BES detector parameters.
Sub-system Parameter BESI BESII BESIII
Beam pipe Material Al Be
MDC # layers 40 40 43
σp/p @ 1 GeV/c 2.4% 2.5% 0.5%
σdE/dx 8.5% 8% 6% @ 1 GeV/c
TOF-barrel # scint. 48 48 2 layers/88 in each
σt 330 ps 180 ps 80 ps
TOF-end-cap # scint. (each end) 24 24 48
σt ND ND 110 ps
EMC-barrel Construction Str. tubes/Pb Str. tubes/Pb CsI(Tl)
σE/E @ 1 GeV 24% 21% 2.5%
σpos (cm) 3.0 ND 0.6
EMC-end-cap Construction Str. tubes/Pb Str. tubes/Pb CsI(Tl)
σE/E @ 1 GeV 21% 21% 5%
σpos (cm) 2.3 2.3 0.9
Magnet Type conventional conventional superconducting
Field (T) 0.4 0.4 1
Muon-barrel # layers 3 3 9 RPCs
σpos (cm) 6 6 2
Muon-end-cap # layers ND ND 8 RPCs
and greatly improved agreement with the Standard Model. This measurement was
later updated to be 1776.96+0.18+0.25−0.21−0.17 MeV/c
2 with more τ decay channels (13).
The new BESIII detector and BEPCII accelerator called for an improved τ mass
measurement. A study was carried out before starting a new energy scan to optimize
the number and choice of scan points in order to provide the highest precision for a
given integrated luminosity (14).
Beam Energy Measurement System
Extremely important in the threshold scan is to precisely determine the beam energy and the beam energy
spread. For this, the beam energy measurement system (BEMS) (15) for BEPCII was used. Photons from a
CO2 laser are collided head on with either the electron or the positron beam, and the maximum energies of
the back scattered Compton photons are measured with high accuracy by a High Purity Germanium (HPGe)
detector, whose energy scale is calibrated with photons from radioactive sources. The beam energies can be
determined by the kinematics of Compton scattering (16).
The τ scan experiment was done in December 2011. For energy calibration pur-
poses, the J/ψ and ψ′ resonances were each scanned at seven energy points. About 24
pb−1 of data, distributed over four scan points near τ pair production threshold, was
collected. The first point was below the mass of τ pairs, while the other three were
above. However, running conditions were not optimal, so the running was stopped
before collecting the full data set.
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To reduce the statistical error in the τ lepton mass, the analysis included 13 τ
pair final states decaying into two charged particles (ee, eµ, epi, eK, µµ, µpi, µK, piK,
pipi, KK, eρ, µρ and piρ) plus accompanying neutrinos to satisfy lepton conservation.
By a fit to the τ pair cross section data near threshold, shown in the left plot of
Fig. 3, the mass of the τ lepton was determined to be (17):
mτ = (1776.91± 0.12+0.10−0.13) MeV/c2. (2)
The right plot of Fig. 3 shows the comparison of this result with values from the
PDG; it is consistent with all of them, but has the smallest uncertainty. With the
full τ scan data set, BESIII should be able to do even better.
1
σi ¼ NiRdata=MCϵiLi : ð17Þ
The measured cross sections at different scan points are
consistent with the theoretical values. In Fig. 6 (right plot),
the dependence of lnL on mτ is almost symmetric as a
consequence of the large data sample obtained.
3. Systematic error estimation
Theoretical accuracy.—The systematic error associated
with the theoretical τ pair production cross section is
estimated by comparing the difference of the fitted mτ
between two cases; in one case, the old τ pair production
cross- section formulas are used, in the other, the improved
version formulas are used. The uncertainty due to this effect
is at the level of 10−3 MeV=c2. More details can be found
in Ref. [29].
Energy scale.—The mτ shift, ΔτM¼ð0.054$0.030ðstatÞ$
0.012ðsystÞÞMeV=c2 [Eq. (12)] is taken as a systematic error.
Combining statistical and systematic errors, two boundaries
can be established:Δmlowτ ¼ 0.054−0.032¼ 0.022MeV=c2
and Δmhighτ ¼ 0.054þ0.032¼ 0.086MeV=c2. We take the
higher value to form a negative systematic error and the lower
value the positive systematic error. The systematic errors on
the mτ from this source are Δm−τ ¼ 0.086 MeV=c2
and Δmþτ ¼ 0.022 MeV=c2.
Energy spread.—From Table II, δBEMSw at the τ scan energy
points is determined from the BEMS to be ð1.469$
0.064Þ MeV. If we assume quadratic dependence of δw
on energy, we can also extrapolate the J=ψ and ψ 0 energy
spreads to the τ region, which yields δw ¼ ð1.471$
0.040Þ MeV. The difference of energy spreads obtained
from these two methods is taken as a systematic uncer-
tainty. The largest contribution to the energy spread
uncertainty comes from interference effects. Including
interference, the difference between the extrapolated value
and the BEMS measurement is 0.056 MeV, and the overall
systematic error is taken as 0.057 MeV. The final energy
spread at the τ scan energy points is ð1.469$ 0.064$
0.057Þ MeV. The uncertainty of mτ from this item is
estimated by refitting the data when the energy spread is
set at its $1σ values, and the shifted value of the fitted
mτ, $0.016 MeV=c2, is taken as the systematic error.
Table VII lists the fitted results with different energy
spread values.
Luminosity.—Both the Bhabha and the two-gamma lumi-
nosities are used in fitting the τ mass, and the difference of
fitted τ masses is taken as the systematic error due to
uncertainty in the luminosity determination. The difference
is 0.001 MeV=c2.
The τ mass shift [Eq. (12)] is 0.054 MeV=c2 when
determined with two-gamma luminosities. If Bhabha lumi-
nosities are used instead, the mass shift is 0.059 MeV=c2,
and the difference, 0.005 MeV=c2, is also taken as a sys-
tematical error due to the luminosity. The total systematical
uncertainty from luminosity determination is 0.006 MeV=c2.
Number of good photons.—It is required that there are no
extra good photons in our final states. Bhabha events are
selected as a control sample to study the efficiency differ-
ence between data and MC of this requirement. The
efficiency for data is ð79.17$ 0.06Þ%, and the efficiency
for the MC simulation is ð79.01$ 0.14Þ%, where the errors
are statistical. Correcting the number of observed events
from data for the efficiency difference, we refit the τ mass,
and the change of τ mass is 0.002 MeV=c2, which is taken
as the systematic uncertainty for this requirement.
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FIG. 6. (left) The c.m. energy dependence of the τ pair cross section resulting from the likelihood fit (curve), compared to the data
(Poisson errors), and (right) the dependence of the logarithm of the likelihood function on mτ, with the efficiency and background
parameters fixed at their most likely values.
TABLE VII. The τ mass determined from fits with different
energy spreads.
δBEMSw (MeV) τ mass (MeV=c2)
1.383 1776.891þ0.111−0.117
1.469 1776.906þ0.116−0.120
1.553 1776.919þ0.119−0.126
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The measured cross sections at different scan points are
consistent with the theoretical values. In Fig. 6 (r ght plot),
the dependence of lnL on mτ is almost symmetric as a
consequence of the large data sample obtained.
3. Systematic error estimation
Theoretical accuracy.—The systematic error associated
with the theoretical τ pair production cross section i
estimated by comparing the difference of the fitted mτ
between two cases; in one case, the old τ pair production
cross- section formulas are used, in the other, the improved
version formulas are used. The uncertainty due to this effect
is at the level of 10−3 MeV=c2. More details can be found
in Ref. [29].
Energy scale.—The mτ shift, ΔτM¼ð0.054$0.030ðstatÞ$
0.012ðsystÞÞMeV=c2 [Eq. (12)] is taken as a systematic error.
Combining statistical and systematic errors, two boundaries
can be established:Δmlowτ ¼ 0.054−0.032¼ 0.022MeV=c2
and Δmhighτ ¼ 0.054þ0.032¼ 0.086MeV=c2. We take the
higher value to form a negative systematic error and the lower
value the positive systematic error. The systematic errors on
the mτ from this source are Δm−τ ¼ 0.086 MeV=c2
and Δmþτ ¼ 0.022 MeV=c2.
Energy spread.—From Table II, δBEMSw at the τ scan energy
points is determined from the BEMS to be ð1.469$
0.064Þ MeV. If we assume quadratic dependence of δw
on energy, we can also extrapolate the J=ψ and ψ 0 energy
spreads to the τ region, which yields δw ¼ ð1.471$
0.040Þ MeV. The difference of energy spreads obtained
from these two methods is taken as a systematic uncer-
tainty. The largest contribution to the energy spread
uncertainty comes from interference effects. Including
interference, the difference between the extrapolated value
and the BEMS measurement is 0.056 MeV, and the overall
systematic error is taken as 0.057 MeV. The final energy
spread t the τ sca energy points ð1.469$ 0.064$
0.057Þ M V. Th uncertainty of mτ from this item is
estimat d by refitting the data when the energy spread is
set at its $1σ values, and the shifted value of the fitted
mτ, $0.016 M V=c2, is taken as the systematic error.
Table II lists the fitted results with different energy
spread values.
Luminosity.—Both the Bhabha and the two-gamma lumi-
nosities are used in fitting the τ mass, and the difference of
fitted τ masses is taken as the systematic error due to
uncertainty in the luminosity determination. The difference
is 0.001 MeV=c2.
The τ mass shift [Eq. (12)] is 0.054 MeV=c2 when
determined with two-gamma luminosities. If Bhabha lumi-
nosities are used instead, the mass shift is 0.059 MeV=c2,
and the difference, 0.005 MeV=c2, is also taken as a sys-
tematical error due to the luminosity. The total systematical
uncertainty from luminosity determination is 0.006 MeV=c2.
Number of good photons.—It is required that there are no
extra good photons in our final states. Bhabha events are
selected as a control sample to study the efficiency differ-
ence between data and MC of this requirement. The
efficiency for data is ð79.17$ 0.06Þ%, and the efficiency
for the MC simulation is ð79.01$ 0.14Þ%, where the errors
are statistical. Correcting the number of observed events
from data for the efficiency difference, we refit the τ mass,
and the change of τ mass is 0.002 MeV=c2, which is taken
as the systematic uncertainty for this requirement.
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TABLE VII. The τ mass determined from fits with different
energy spreads.
δBEMSw (MeV) τ mass (MeV=c2)
1.383 1776.891þ0.111−0.117
1.469 1776.906þ0.116−0.120
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Figure 3
(Left plot) Cross section versus e+e  CM energy. Cross section measurements are shown with
error bars; the smooth curve is the fit. (Right plot) Comparison of the easured ⌧ mass with
those from the PDG (17). The green band corresponds to the 1   limit of the BESIII
measurement. Modified from Reference (16) with permission.
Lepton Universality
A precision m⌧ measurement is also required to check lepton universality. Lepton universality, a basic
ingredient in the minimal Standard Model, requires that the charged-current gauge coupling strengths for
the electron, muon, and tau leptons, ge, gµ, g⌧ , should be identical: ge = gµ = g⌧ . Lepton universality
implies: ✓
g⌧
gµ
◆2
=
⌧µ
⌧⌧
⇣
mµ
m⌧
⌘5 B(⌧ ! e⌫⌫¯)
B(µ! e⌫⌫¯) (1 + FW )(1 + F ) = 1, (3)
where FW and F  are the weak and electromag tic ra iative corrections (10) Note (g⌧/gµ)
2 depends on
m⌧ to the fifth power.
Inserting the ⌧ mass val e into Eq. 3, together with the values of ⌧µ, ⌧⌧ , mµ, m⌧ , B(⌧ ! e⌫⌫¯) a d
B(µ ! e⌫⌫¯) from the PDG (17) and using th values o FW (-0.0003) and F  (0.0001)) calculated from
referenc (10), the ratio of squared c upling constants is determined to be:✓
g⌧
gµ
◆2
= 1.0016± 0.0042, (4)
which is consistent with unity.
5. R SCAN
The big news of 2012 was the discovery of the Higgs particle, the capstone of the Standard
Model, at the Large Hadron Collider (LHC) t CERN in Geneva, Switzerland. However,
before the discovery, fits in th Standa d Model were able to predict its mass, because
higher order terms in the model can include a massive virtual particle, such as the Higgs.
Surprisingly, important in this fit is R scan data.
Among the three input parameters generally used in global fits to electroweak data,
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mass with those f om the PDG (4). The green band corresponds to the 1 σ limit of the
BESIII measurement. Modified from Reference (17) with permission.
5. R SCAN
The big news of 2012 was the discovery of the Higgs particle, the capstone of the Stan-
dard Model, at t e Large Hadron Collider (LHC) at CERN in Geneva, Switzerland.
However, before the discovery, fits in the Standard Mode were able to predict its
mass, because higher order terms in the model can include a massive virtual particle,
such as the Higgs. Surpri ingly, important in this fit is R scan data.
Among the three input parameters generally used in global fits to electroweak
data, the QED running coupling constant evaluated at the mass of the Z b son,
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Lepton Universality
A precision mτ measurement is also required to check lepton universality. Lepton universality, a basic
ingredient in the minimal Standard Model, requires that the charged-current gauge coupling strengths for
the electron, muon, and tau leptons, ge, gµ, gτ , should be identical: ge = gµ = gτ . Lepton universality
implies: (
gτ
gµ
)2
=
τµ
ττ
(
mµ
mτ
)5 B(τ → eνν¯)
B(µ→ eνν¯) (1 + FW )(1 + Fγ) = 1, (3)
where FW and Fγ are the weak and electromagnetic radiative corrections (11). Note (gτ/gµ)
2 depends on
mτ to the fifth power.
Inserting the τ mass value into Eq. 3, together with the values of τµ, ττ , mµ, mτ , B(τ → eνν¯) and
B(µ → eνν¯) from the PDG (4) and using the values of FW (-0.0003) and Fγ (0.0001)) calculated from
reference (11), the ratio of squared coupling constants is determined to be:(
gτ
gµ
)2
= 1.0016± 0.0042, (4)
which is consistent with unity.
α(M2Z), has the largest experimental uncertainty. While its value at low energy,
α(0), is known precisely, the correction necessary to determine its value at high
energy, α(M2Z), cannot be reliably calculated theoretically. Instead, experimentally
measured R values are used with the application of dispersion relations (18).
Uncertainties in the values of R limit the precision of α(M2Z), which in turn
limits the precision of the determination of the Higgs mass (19, 20, 21). Before the
measurement by BESII, the uncertainty in α(M2Z) was dominated by the errors of
the values of R in the CM energy range below 5 GeV. These were measured about
20 years earlier with a precision of about 15 ∼ 20% and accounted for about 50%
of the uncertainty in α(M2Z) (22). With these R values, the best fit value for the
Higgs’ mass was MH = 62
+53
−30 GeV/c
2 (22), which was about one standard deviation
below the lower limit of MH > 114 GeV/c
2 coming from experiments at the CERN
Large Electron Positron (LEP) collider (23). However, the calculated result was very
sensitive to the value used for α(M2Z). Clearly, a more precise determination α(M
2
Z)
was very important.
In 1998 and 1999, R value measurements were made at 91 energy points (24, 25)
between 2 and 5 GeV by BESII. The BESII R values are displayed in Fig. 1 along
with those from other experiments. BESII systematic uncertainties are between 6
and 10 % with an average uncertainty of 6.6 % and are a factor of two to three
improvement in precision in the 2 to 5 GeV energy region. Ref. (25) is the second
most highly cited BES paper with 289 citations through the end of 2015.
The importance of these results has been emphasized by Burkhardt and
Pietryzk (26). With the new BES R-values, they obtained a value for α−1(M2Z) =
128.936 ± 0.046, where the error is about one-half the 1995 error. The CERN Elec-
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troweak Group found that this result shifted the central value for the Higgs mass
upward to MH = 98 GeV/c
2, which was in better agreement with the LEP lower
limits. The measured mass from the LHC of the Higgs boson is 125 GeV/c2 (4).
In 2004, large-statistics data samples were accumulated by BESII at CM ener-
gies of 2.60, 3.07 and 3.65 GeV; the total integrated luminosity was 10.0 pb−1 (2).
Improvements in the event selection, luminosity measurement, and the use of a
GEANT3-based (27, 28) simulation were made in order to decrease the systematic
errors. With these improvements, the errors on the new measured R values were
reduced to about 3.5%. These R-values are also shown in Fig. 1.
BESIII has also made R scans. In 2014, a fine scan of 104 energy points through
the resonance region above 3.8 GeV was done. The total data accumulated was 0.8
fb−1, which will be used to determine R, study XY Z particles, study the Λc, etc.
In 2015, 20 points were scanned in the continuum region from 2.0 GeV to 3.1 GeV.
These data will be used to determine R, determine baryon form factors, and study
baryon threshold behavior. Stay tuned for the results.
6. LIGHT QUARK PHYSICS
The study of light quark mesons and baryons (mesons and baryons composed of
up, down, and strange quarks) has been a major aspect of each incarnation of the
BES experiment. Charmonium states, such as the J/ψ, decay to hundreds of different
combinations of light quark hadrons, like pi+pi−pi0, K+K−pi+pi−, and γpi0pi0, to name
just a few. This provides many opportunities to identify intermediate “resonances”
in the decay sequences. For example, in the decay J/ψ → γpi0pi0, one can search for
the intermediate process J/ψ → γf0(1710), with the f0(1710) subsequently decaying
to pi0pi0, and thereby learn about the f0(1710) isoscalar state (discussed below).
Furthermore, since the quantum numbers of the initial charmonium state are known,
conservation rules can be used to derive amplitudes describing the behavior of the
decay products under different assumptions about their quantum numbers. These
quantum mechanical amplitudes can be added coherently and then squared, leading
to distributions that can be fit to data. Comparing fits, and comparing the strengths
of different amplitudes within the fits, one can then distinguish between different
hypotheses about the quantum numbers of the final state. This process, referred to
as partial wave analysis (PWA), is an important aspect of the light quark physics
program at BES.
ISOSPIN: A
quantum number
describing the
configuration of up
and down quarks
within a hadron.
ISOSCALAR: A
hadron with zero
units of isospin.
Since the e+e− → J/ψ cross section is so large, and since the J/ψ decays predom-
inantly to light quark states, the J/ψ is the charmonium state most often used by
BES to study light quark mesons and baryons. Thus, within the collaboration, “light
quark physics” is almost synonymous with “J/ψ physics.” From BESI to BESIII, the
size of the J/ψ data set has grown over two orders of magnitude. BESI collected a
sample of 8.6 million J/ψ decays; BESII collected 58 million; and BESIII took an
initial sample of 225 million (in 2009), and subsequently increased it to 1.3 billion
J/ψ decays (in 2012).
The following sections include a few high-profile examples of how light quark
mesons and baryons have been studied in J/ψ decays at BES. But it should be noted
that there are other interesting physics topics not discussed here, such as the physics
of η and η′ decays (which can be produced cleanly in J/ψ decays).
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Mesons and Baryons
Hadrons, or particles that interact via the strong force, are broadly classified by their total spin. Mesons have
integral spin; baryons have fractional spin. The majority of mesons that have been discovered can be neatly
described using a model in which they are composed of a quark and an antiquark. Similarly, most baryons
can be successfully described as composites of three quarks. The exceptions are particularly interesting since
they could represent novel configurations of matter, such as four-quark mesons (tetraquarks), or five-quark
baryons (pentaquarks). Configurations such as these are allowed in QCD, but their properties are a subject
of intense experimental investigation.
6.1. Glueballs and the light isoscalar spectrum
One of the most high-profile aspects of light quark spectroscopy at BES is the search
for glueballs in radiative J/ψ decays. Glueballs are states composed of gluons (con-
taining no valence quarks) and their existence is a prominent prediction of QCD (29).
Their identification requires comparing their rate of production in different environ-
ments (30). They should not be heavily produced in γγ collisions, for example, since
there is no coupling between photons and gluons. On the other hand, the production
of glueballs is expected to be enhanced in radiative J/ψ decays. In this process, the
charm or anti-charm quark of the J/ψ first radiates a photon, leaving the charm
and anti-charm quark pair to subsequently annihilate into two gluons, which then
hadronize. Such a “glue-rich” environment is expected to be favorable for glueball
production.
A lot of attention was garnered at BESI (31) (and other contemporaneous ex-
periments) for the apparent confirmation of a spin-2 glueball candidate, the ξ(2230),
first reported by MARKIII (32). It was seen to appear in many J/ψ radiative decays,
including γpi+pi− (4.6σ evidence), γK+K− (4.1σ evidence), γK0SK
0
S (4.0σ evidence),
and γpp¯ (3.8σ evidence). It had several properties that made it an ideal glueball
candidate: its mass was consistent with the mass expected for the tensor glueball; it
decayed in a “flavor-symmetric” pattern; it was anomalously narrow. Unfortunately,
this state was not subsequently confirmed by the BESII or BESIII collaborations, and
it appears to have been an extremely unlucky fluctuation. Since that time, there has
been no observed state whose properties have made it such an appealing candidate
for a glueball state.
The most promising place to look for glueballs is currently in the isoscalar spec-
trum, where there is an overpopulation of reported states. If all mesons were com-
posed of a quark and anti-quark, there would be two isoscalar states, one a mixture
of up and down quarks (the nn¯ state) and one composed of strange quarks (the ss¯
state). Instead, three states are seen, namely the f0(1370), f0(1500), and f0(1710).
This could indicate that one of these states is a glueball. Unfortunately, mixing is
also allowed among these states, complicating this picture (33). Thus, the f0(1500),
say, could be partly nn¯ and partly glueball, and so on. BES has added a tremendous
amount of information related to this problem, a sampling of which is included below.
Even so, a final solution has yet to be found and work continues.
The first major contribution of BES to the isoscalar problem was in the clarifica-
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tion of the spin of the f0(1710). This state, discovered by the Crystal Ball experiment
in 1982 (34), was initially thought to be spin-2. BESI observed the f0(1710) produced
prominently in the reaction J/ψ → γK+K− (35). Analyzing its decay to K+K−,
BESI reported that, instead of being purely spin-2, it was actually a mixture of spin-0
and spin-2. Later, with the increase of J/ψ decays between BESI and BESII, BESII
was able to do a reanalysis of the J/ψ → γK+K− reaction, also adding the related
J/ψ → γK0SK0S process (36). With the much increased statistics, the f0(1710) was
conclusively identified as spin-0, agreeing with other contemporaneous experiments,
and now the accepted value. The results of this analysis are shown in the left panel
of Figure 4. The J/ψ → γKK¯ channel is still being analyzed at BESIII.
Another major contribution from BES was the analysis of J/ψ → γpipi. This was
first performed at BESI with low statistics (37), but later studied more conclusively
at BESII, using both pi0pi0 and pi+pi− (38). Here, both the f0(1500) and f0(1710)
were seen (see the middle panel of Figure 4). This allowed a number of conclusions
to be drawn. First, since the f0(1500) was not seen in J/ψ → γKK¯ its decay to KK¯
must be significantly smaller than its decay to pipi. Second, the rate of production of
the f0(1710) could also be compared to the previous KK¯ analyses. From this, the
ratio B(f0(1710)→ pipi)/B(f0(1710)→ KK¯) could be derived to be 0.41+0.11−0.17. This
remains the best measurement of this branching ratio. Since the f0(1500) decays
more often to pipi than KK¯ it is more likely to be the nn¯ state than the ss¯ state.
And conversely, the f0(1710) is more likely to be the ss¯ state.
In principle, these isoscalar states could also be studied by looking at how they
are produced alongside the ω and φ in the four reactions J/ψ → ωK+K−, ωpi+pi−,
φK+K−, and φpi+pi−. Since the φ is an ss¯ state, it is expected, for example, that
the f0(1710) is more likely to be produced alongside it than the ω, which is an nn¯
isovector. All four reactions were studied at BESII (39, 40, 41), but surprisingly,
the opposite was found. While B(J/ψ → φf0(1710)) × B(f0(1710) → K+K−) was
measured to be (2.0 ± 0.7) × 10−4, B(J/ψ → ωf0(1710)) × B(f0(1710) → K+K−)
was measured to be (6.6±1.3)×10−4, about three times larger. The explanation for
this is still unknown. Furthermore, comparing B(J/ψ → ωf0(1710))×B(f0(1710)→
K+K−) with B(J/ψ → ωf0(1710))×B(f0(1710)→ pi+pi−) led to an upper limit on
B(f0(1710)→ pipi)/B(f0(1710)→ KK¯) of 0.11, apparently in contradiction with the
finding from radiative decays.
These inconsistencies possibly point towards the need for more global analyses
with higher statistics. At BESIII, with 1.3 billion J/ψ decays, this effort has just
begun. The J/ψ → γpi0pi0 channel, for example, was recently reanalyzed with the
full J/ψ data set (42). As a first step, rather than impose a resonant interpretation
on the data, the pi0pi0 mass spectrum was divided, bin-by-bin, into spin-0 and spin-2
components. The spin-0 components are shown in the right panel of Figure 4, and
the shape is seen to be consistent with the BESII results. It is hoped that presenting
the data in this way will encourage new ideas on how to parameterize the data. These
parameterizations can later be used to refit the data directly.
6.2. S-wave KK, pipi and Kpi scattering
The details of S-wave KK, pipi and Kpi scattering are beyond the scope of this
review, but it should be mentioned that BESII has performed definitive work in this
important area. This has led to a more thorough understanding of the f0(980), the
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2B. Global fit analysis
We now turn to the global fit to the J/!→"K!K" and
J/!→"KS0KS0 data. Each sample is analyzed independently,
and the fit results shown below are for their averaged values.
This fit has the merit of constraining phase variations as a
function of mass to simple Breit-Wigner forms. It also per-
forms the optimum averaging of helicity amplitudes and
their phases over resonances. Partial waves are fitted to the
data for the same components described in the bin-by-bin fit.
The broad 0!! component improves the fit significantly;
removing it causes the log likelihood value to become worse
by 221. For the f 2(1270) and f 0(1500), we use PDG values
of masses and widths, but allow the amplitudes to vary in the
fit. For the f 2!(1525), relative phases are consistent with zero
within experimental errors. It is expected theoretically that
relative phases should be very small, on order of #!1/137
for the electromagnetic transitions J/!→"!2!. In view of
the agreement with expectation, these relative phases are set
to zero in the final fit, so as to constrain intensities further.
A free fit to f 2!(1525) gives a fitted mass of 1519#2 MeV
and a width of 75#4 MeV. The fitted mass and width of the
f 0(1710) are M$1740#4 MeV and $$166"8!5 MeV, re-
spectively. The fitted intensities are illustrated in Fig. 4. For
the f 2!(1525), we find the ratios of helicity amplitudes x2
$1.00#0.28 and y2$0.44#0.08. In this fit, we allow some
0! contribution under the f 2!(1525) peak, while previous
analyses by DM2 and Mark III %10,11& ignored the small 0!
contributions. The branching fractions of the f 2!(1525) and
the f 0(1710) determined by the global fit are B%J/!
→" f 2!(1525)→"KK¯&$(3.42#0.15)%10"4 and B%J/!
→" f 0(1710)→"KK¯&$(9.62#0.29)%10"4 respectively.
The errors shown here are also statistical. An alternative fit to
f J(1710) with JP$2! is worse by 258 in log likelihood
relative to 0! for "K!K" data and by 67 for "KS0KS0 . Re-
membering that three helicity amplitudes are fitted for spin 2
but only one for spin 0, the fit with JP$0! is preferred by
&10' after considering the two data samples together.
The separation between spin 0 and 2 is illustrated in Fig.
5, taking the J/!→"K!K" data as the example. Let us
denote the polar angle of the kaon in the KK¯ rest frame by
(K , and the polar angle of the photon in the J/! rest frame
by (" . The data are fitted simultaneously including impor-
tant correlations between (K and (" . The left panels show
resulting fits to cos (K for J$0 and 2. There is no significant
difference between the two fits. The distributions should be
flat for 0!, but the interference with the tail of f 2!(1525) has
a large effect. The right panels show the fits to cos (" ; the
optimum fit is visibly better for J$0 than for J$2. )If one
fits only the cos (" distribution, it is possible to fit equally
well with J$0 or 2, but then the fit to cos (K gets much
worse.*
If the f 0(1500) is removed from the fit, the log likelihood
is worse by 1.65 )3.58* for K!K" (KS0KS0), corresponding to
about 1.3' (2.2'). If the f 2(1270) is removed, the likeli-
hood is worse by 57.5 )13.6* for K!K" (KS0KS0), corre-
sponding to &5' (3.8').
V. SYSTEMATIC ERROR
The systematic error for the global fit is estimated by
adding or removing small components used in the fit, replac-
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Fig. 4. The mass projections of the individual components for J/ψ → π+π− . The crosses are data. The complete 0++ and 2++ contributions are also shown,
including all interferences.
with the masses and widths fixed to those in the PDG, to de-
scribe the contribution of the high mass states in the mass range
below 2.0 GeV/c2.
For the 2++ states, relative phases between different helicity
amplitudes for a single resonance are theor tic lly expected to
be very small [16]. Therefore, these relative phases are set to
zero in the final fit so as to constrain the intensities further.
After the mass and width optimization, the resulting fitted
intensities are illustrated in Figs. 3 and 4. Angular dist ibu ions
in the whole mass range are shown in Fig. 5. Here, θγ is the
polar angle of the photon in the J/ψ rest frame, a d θπ is the
polar angle of the pion in the π+π− rest frame.
From Figs. 3 and 5, we see that the fit agrees well with data.
Fig. 4 shows the distributions of the individual components
and full 0++ and 2++ contribution including interf rences.
A free fit to f2(1270) gives a fitted mass of 1262+1−2 MeV/c2
and a width of 175+6−4 MeV/c2. The fitted masses and widths of
the f0(1500) and f0(1710) are Mf0(1500) = 1466± 6 MeV/c2,
Γf0(1500) = 108+14−11 MeV/c2 and Mf0(1710) = 1765+4−3 MeV/c2,
Γf0(1710) = 145 ± 8 MeV/c2, respectively. The branching
fractions of f2(1270), f0(1500), and f0(1710) determined
by the partial wave analysis fit are B(J/ψ → γf2(1270)→
γπ+π−) = (9.14 ± 0.07) × 10−4, B(J/ψ → γf0(1500)→
γπ+π−)= (6.65±0.21)×10−5, and B(J/ψ→ γf0(1710)→
γπ+π−) = (2.64 ± 0.04) × 10−4, respectively. For the
f2(1270), we find the ratios of helicity amplitudes x = 0.89±
0.02 and y = 0.46 ± 0.02 with correlation factor ρ = 0.26,
where x = A1/A0, y = A2/A0, A0,1,2 correspond to the three
independent production amplitudes with helicity 0, 1 and 2.
The errors here are statistical errors. An alternative fit is tried
by replacing f0(1500) with a 2++ resonance. There are three
helicity amplitudes fitted for spin 2, while only one amplitude
Fig. 5. Projections in cos θγ and cos θπ for the whole mass range. The crosses
are data (J/ψ→ γπ+π− sample), and the histograms are the fit results.
for spin 0, which means the number of degrees of freedom is in-
creased by 2 in the JP = 2+ case. However, the log likelihood
is worse by 108. This indicates that f0(1500) with JP = 0+ is
strongly favored. If the f0(1710) is removed from the fit, the
log likelihood is worse by 379, which corresponds to a signal
significance much larger than 5σ .
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but have a degenerate ambiguous pair. A study of these
ambiguities (Appendix B) shows consistency between the
mathematically predicted and experimentally determined
ambiguities. Both ambiguous solutions are presented,
because it is impossible to know which represent the
physical solutions without making some additional model
dependent assumptions. If more than two solutions are
found in a given bin, all solutions within 1 unit of log
likelihood from the best solution are compared to the
predicted value derived from the best solution and only that
which matches the prediction is accepted as the ambiguous
partner.
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Figure 4
A few representative analyses of J/ψ radiative decays at BES. (left) Analysis of
J/ψ → γK+K− at BESII (36). The points are data and the histogram shows the spin-0
components of the fit to data. The peak around 1.7 GeV/c2 is from the f0(1710).
(middle) Analysis of J/ψ → γpi+pi− at BESII (38). The points are data and the histogram
shows the spin-0 components of the fit to data. The peak just under 1.5 GeV/c2 is due to
the f0(1500), while the peak around 1.7 GeV/c2 is from the f0(1710). (right) Analysis of
J/ψ → γpi0pi0 at BESIII (42). The points show the spin-0 components of the fits done in
each mass bin. The fits make no assumption about the mass-dependence of the amplitudes,
but new complicatio s are thereby introduced. The solid (black) and hollow (red) points
are mathematic ly ambiguous solutions. Modified from Refere ces (36, 38, 42) with
permission.
σ and the κ.
The f0(980) was seen prominently in the reaction J/ψ → φf0(980), wi h the
f0(980) decaying to both pi
+pi− and K+K− (39). Since the mass of the f0(980) is
close to the K+K− threshold, its shape is distorted. This fact can be used to study
t coupling between the pipi and KK¯ channels. A simultaneo s fit to th f0(980) in
both decay modes was performed; the resulting coupling parameters are often still
used today in experimental efforts to describe the f0(980).
The σ was studied in the channel J/ψ → ωpi+pi−, where the σ is seen in the
pi+pi− mass spect um (40). Again, the sh pe used to describe the σ has had a major
influence on many subsequent analyses.
Finally, the κ was studied in a very similar manner to the σ (41). It is seen
prominently in the J/ψ → K∗K¯pi + c.c. reaction, in the K¯pi + c.c mass spectrum.
The cleanliness of this channel allowed a definitive study of the κ.
6.3. Studies of the X(1835)
The nature of the X(1835) state (or states) remains one of the biggest mysteries
in light quark physics at the BES experiments. The first observation was at BE-
SII in J/ψ → γpp¯, where a large enhancement of events was seen around the pp¯
threshold (43). The enhancement was unexpected and was the source of much
speculation. This discovery paper remains the third most cited paper at BES.
The enhancement was confirmed at BESIII, first using J/ψ decays coming from
ψ(2S) → pi+pi−J/ψ (44), and then using 225 million directly-produced J/ψ (45).
This latter analysis also measured the spin-parity of the enhancement to be 0−.
In parallel to the pp¯ analyses, another peak at round the same mass and with
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3with a Breit-Wigner (BW) function convolved with a
Gaussian mass resolution function (with !!13MeV=
c2) to represent the X"1835# signal plus a smooth poly-
nomial background function. The mass and width obtained
from the fit (shown in the bottom panel in Fig. 3) are M !
1833:7$ 6:1 MeV=c2 and ! ! 67:7$ 20:3 MeV=c2. The
signal yield from the fit is 264$ 54 events with a con-
fidence level 45.5% ("2=d:o:f: ! 57:6=57) and %2 lnL !
58:4. A fit to the mass spectrum without a BW signal
function returns %2 lnL ! 126:5. The change in %2 lnL
with ""d:o:f:# ! 3 corresponds to a statistical significance
of 7:7! for the signal.
Using MC-determined selection efficiencies of 3.72%
and 4.85% for the #0 ! $&$%# and #0 ! %& modes,
respectively, we determine a product BF of
B!J= ! %X"1835#" ' B!X"1835#! $&$%#0"
! "2:2$ 0:4# ( 10%4:
The consistency between the two #0 decay modes is
checked by fitting the distributions in Figs. 1(c) and 2(c)
separately with the method described above. The fit to
Fig. 1(c) gives M ! 1827:4$ 8:1 MeV=c2 and ! !
54:2$ 34:5 MeV=c2 with a statistical significance of
5:1!. From the 68$ 26 signal events obtained from the
fit, the product BF is B!J= ! %X"1835#" ' B!X"1835#!
$&$%#0" ! "1:8$ 0:7# ( 10%4. Similar results are ob-
tained if we apply only a 4C kinematic fit in this analysis.
For the fit to Fig. 2(c), the mass and width are determined
to be M ! 1836:3$ 7:9 MeV=c2 and ! ! 70:3$
23:1 MeV=c2 with a statistical significance of 6.0 !.
For this mode alone, the signal yield of 193$ 43 sig-
nal events corresponds to B!J= ! %X"1835#" '
B!X"1835# ! $&$%#0" ! "2:3 $ 0:5# ( 10%4. The
X"1835# mass, width, and product BF values determined
from the two #0 decay modes separately are in good
agreement with each other.
The systematic uncertainties on the mass and width are
determined by varying the functional form used to repre-
sent the background, the fitting range of the mass spectrum,
the mass calibration, and possible biases due to the fitting
procedure. The latter are estimated from differences be-
tween the input and output mass and width values from MC
studies. The total systematic errors on the mass and width
are 2:7 and 7:7 MeV=c2, respectively. The systematic error
on the branching fraction measurement comes mainly from
the uncertainties of MDC simulation (including systematic
uncertainties of the tracking efficiency and the kinematic
fits), the photon detection efficiency, the particle identifi-
cation efficiency, the #0 decay branching fractions to
$&$%# and %&, the background function parametrization,
the fitting range of the mass spectrum, the requirements on
numbers of photons, the invariant-mass distributions of %%
pairs in the two analyses, the $&$% invariant-mass distri-
bution in #0 ! %$&$% decays, MC statistics, the total
number of J= events [15], and the unknown spin-parity of
the X"1835#. For the latter, we use the difference between
phase space and a JPC ! 0%& hypothesis for the X"1835#.
The total relative systematic error on the product branching
fraction is 20.2%.
In summary, the decay channel J= ! %$&$%#0 is
analyzed using two #0 decay modes, #0 ! $&$%# and
#0 ! %&. A resonance, the X"1835#, is observed with a
high statistical significance of 7:7! in the $&$%#0
invariant-mass spectrum. From a fit with a Breit-Wigner
function, the mass is determined to be M ! 1833:7$
6:1"stat# $ 2:7"syst# MeV=c2, the width is ! ! 67:7$
20:3"stat# $ 7:7"syst# MeV=c2, and the product branch-
ing fraction is B"J= ! %X# ' B"X ! $&$%#0# !
)2:2$ 0:4"stat# $ 0:4"syst#* ( 10%4. The mass and width
of the X"1835# are not compatible with any known meson
resonance [16]. In Ref. [16], the candidate closest in mass
to the X"1835# is the (unconfirmed) 2%& #2"1870# with
M ! 1842$ 8 MeV=c2. The width of this state, ! !
225$ 14 MeV=c2, is considerably larger than that of the
X"1835# (see also [17], where the 2%& component in the
#$$ mode of J= radiative decay has a mass 1840$
15 MeV=c2 and a width 170$ 40 MeV=c2).
We examined the possibility that the X"1835# is respon-
sible for the p #p mass threshold enhancement observed in
radiative J= ! %p #p decays [1]. It has been pointed out
that the S-wave BW function used for the fit in Ref. [1]
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FIG. 3. The $&$%#0 invariant-mass distribution for selected
events from both the J= ! %$&$%#0"#0 ! $&$%#;#!
%%# and J= ! %$&$%#0"#0 ! %&# analyses. The bottom
panel shows the fit (solid curve) to the data (points with error
bars); the dashed curve indicates the background function.
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efficiency-corrected Breit-Wigner functions convolved
with a Gaussian mass resolution plus a nonresonant
!þ!""0 contribution and background representations,
where the efficiency for the combined channels is obtained
from the branching-ratio-weighted average of the efficien-
cies for the two "0 modes. The contribution from non-
resonant #!þ!""0 production is described by
reconstructed Monte Carlo (MC)-generated J=c !
#!þ!""0 phase space decays, and it is treated as an
incoherent process. The background contribution can be
divided into two different components: the contribution
from non-"0 events estimated from "0 mass sideband,
and the contribution from J=c ! !0!þ!""0. For the
second background, we obtain the background !þ!""0
mass spectrum from data by selecting J=c ! !0!þ!""0
events and reweighting their mass spectrum with a weight
equal to the MC efficiency ratio of the #!þ!""0 and
!0!þ!""0 selections for J=c ! !0!þ!""0. The
masses, widths, and number of events of the f1ð1510Þ,
the Xð1835Þ and the resonances near 2.1 and
2:4 GeV=c2, the Xð2120Þ and Xð2370Þ, are listed in
Table I. The statistical significance is determined from
the change in "2 lnL in the fits to mass spectra with and
without signal assumption while considering the change of
degree of freedom of the fits. With the systematic
uncertainties in the fit taken into account, the statistical
significance of the Xð1835Þ is larger than 20$, while those
for the f1ð1510Þ, the Xð2120Þ, and the Xð2370Þ are larger
than 5:7$, 7:2$, and 6:4$, respectively. The mass and
width from the fit of the f1ð1510Þ are consistent with
PDG values [17]. With MC-determined selection efficien-
cies of 16.0% and 11.3% for the "0 ! #% and "0 !
!þ!"" decay modes, respectively, the branching fraction
for the Xð1835Þ is measured to be BðJ=c !#Xð1835ÞÞ
BðXð1835Þ!!þ!""0Þ¼ð2:87&0:09Þ'10"4. The con-
sistency between the two "0 decay modes is checked by
fitting their !þ!""0 mass distribution separately with the
procedure described above.
For radiative J=c decays to a pseudoscalar meson, the
polar angle of the photon in the J=c center of mass system,
&#, should be distributed according to 1þ cos2&#. We
divide the j cos&#j distribution into 10 bins in the region
of [0, 1, 0]. With the same procedure as described above,
the number of the Xð1835Þ events in each bin can be
obtained by fitting the mass spectrum in this bin, and
then the background-subtracted, acceptance-corrected
j cos&#j distribution for the Xð1835Þ is obtained as shown
in Fig. 3, where the errors are statistical only. It agrees with
1þ cos2&#, which is expected for a pseudoscalar, with
'2=d:o:f ¼ 11:8=9.
The systematic uncertainties on the mass and width are
mainly fro th uncertainty of background representation,
the mass range included in the fit, different shapes for
background contributions, and the nonresonant process
and contributions of possible additional resonances in the
1:6 GeV=c2 and 2:6 GeV=c2 mass regions. The total sys-
tematic errors on the mass and width are þ5:6"2:1 and
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FIG. 2 (color online). (a) The !þ!""0 invariant-mass distri-
bution for the selected events from the two "0 decay modes.
(b) Mass spectrum fitting with four resonances; here, the dash-
dotted line is contributions of non-"0 events and the !0!þ!""0
background for two "0 decay modes, and the dashed line is
contributions of the total background and nonresonant !þ!""0
process.
TABLE I. Fit results with four resonances for the combined
two "0 decay modes
Resonance MðMeV=c2Þ !ðMeV=c2Þ Nevent
f1ð1510Þ 1522:7& 5:0 48& 11 230& 37
Xð1835Þ 1836:5& 3:0 190:1& 9:0 4265& 131
Xð2120Þ 2122:4& 6:7 83& 16 647& 103
Xð2370Þ 2376:3& 8:7 83& 17 565& 105
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FIG. 3. The background-subtracted, acceptance-corrected
j cos&#j distribution of the Xð1835Þ for two "0 decay modes
for J=c ! #!þ!""0.
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Figure 5
Observation of the X(1835) in J/ψ → γX(1835);X(1835)→ pi+pi−η′ at BESII (46) (left)
and BESIII (45) (right). Additional states were discovered in the BESIII analysis.
Modifi from References (46, 45) with perm ssion.
about the same width was seen in J/ψ → γpi+pi−η′ decays. This was first seen by
BESII (46) (see the left panel of Figure 5). BESIII was able to confirm the existence
of this peak with increased statistics, but, surprisingly, also observed clear peaks at
higher mass (47) (see the right panel of Figure 5). These high mass peaks are equally
as mysterious as the X(1835). In addition, another enhancement of events around
1.8 GeV/c2 was seen in the related channel J/ψ → γK0SK0Sη at BESIII (48). In this
reaction, the enhancement was shown to have JP = 0−, the same as that for the
pp¯ enhancement. It seems likely that the structures around 1.8 GeV/c2 in pi+pi−η′,
K0SK
0
Sη, and pp correspond to the same X(1835), but there is as yet no definitive
pr of.
A seri s of s arches was also p rformed in other channels including a pp¯ pair, such
as J/ψ → ωpp¯ (49). The lack of evidence f r a pp threshold enhancement in these
types of decays appears to disfavor a final-state interaction interpretation. Other
interpretations have been proposed, from a glueball state to a radial excitation of the
η to a baryonium state, but no definitive conclusion has yet been reach d (see the
references in (48)).
FINAL STATE
INTERACTIONS:
Interactions among
particles in the final
state that can
sometimes lead to
misleading peaks not
associated with
resonances.
BARYONIUM: A
bound state
consisting of two
baryons.
6.4. Baryons in J/ψ and ψ(2S) decays
In addition to the meson analyses d scribed ab ve, BES has also had a significant
influence in light baryon spectroscopy. Just as in the case of mesons, the well-defined
initial state can be used to constrain properties of the final state. For example, in
the reaction J/ψ → p + X, the X baryon ust have isospin-1/2 (in the absence of
isospin violation), since the J/ψ has isospin-0 and the proton has isospin-1/2. It is
thus a useful way to filter N∗ states from ∆ states. This type of filter is not available
in fixed-target pi +N reactions, for example.
Studies of the N∗ states have been particularly fruitful, as can be seen in the
following chain of analyses from BESI through BESIII. In BESI, the J/ψ → pp¯η
channel was analyzed as a relatively simple one with which to begin (50). The well-
established JP = 1/2+ states N(1535) and N(1650) were clearly observed and their
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JP assignments were confirmed. At BESII, this analysis was extended to the channel
J/ψ → ppi−n¯ + c.c. (51). The same two states were observed, but in addition the
1/2+ N(1440) was observed more clearly than other experiments (since it is usually
eclipsed by the ∆, which was absent in the BESII analysis). And a new high-mass
resonance, the 1/2+ or 3/2+ N(2040) was found. Finally, in BESIII, an analysis of
ψ(2S)→ pp¯pi0 was performed using 106 million ψ(2S) decays (52). Using the ψ(2S)
instead of the J/ψ allowed an analysis of higher mass baryons and yet two more new
ones were discovered, the 1/2+ N(2300) and the 5/2− N(2570). Both of these states
were observed with a significance of greater than 10σ. These efforts from BES have
been greatly influential in filling out the spectrum of N∗ states.
N*’S AND ∆’S:
Excited states of the
proton and neutron.
The ability of BES to produce baryon resonances in J/ψ and ψ(2S) decays has
made it a meaningful place to search for exotic baryons. Such was the case in 2004,
when there was much excitement about the pentaquark candidate Θ+(1540). BE-
SII performed a search for this state in the K0SpK
−n¯ and K0S p¯K
+n decays of the
J/ψ and ψ(2S) (53). The idea was that the pentaquark might be produced in pairs
(to conserve flavor and other quantum numbers). No evidence was found for the
pentaquark decaying to K0Sp or K
+n and tight upper limits were placed on its pro-
duction. Eventually, the initial evidence for the pentaquark was overturned. The
BESII search was among the earliest of the negative searches.
7. CHARMONIUM PHYSICS
While the study of light quark physics is generally associated with the J/ψ data sets
at BES, the study of charmonium is most often pursued through data taken at the
ψ(2S). From the ψ(2S), all charmonium states below DD¯ threshold can be reached,
making the ψ(2S) data ideal for charmonium studies. The χcJ(1P ) can be accessed
through E1 radiative transitions; the ηc(1S, 2S) through M1 radiative transitions;
and the J/ψ and hc(1P ) states through hadronic transitions. BESI, BESII, and
BESIII have all collected increasingly large samples of ψ(2S) decays, and there have
been important results from each. BESI collected 3.8 million ψ(2S) decays; BESII
collected 14 million; and BESIII took an initial sample of 106 million in 2009 and
increased it to 448 million in 2012.
One of the most interesting features of the states below DD¯ threshold is that
they can be successfully described by treating the cc¯ pair as being bound in a poten-
tial. Studying the masses and radiative transitions of the charmonium states gives
valuable insight into the shape of the potential. On the other hand, the shape of the
potential and its spin-dependence can be derived from QCD (lattice QCD) or phe-
nomenologically. Furthermore, masses and radiative transitions can now be directly
calculated in lattice QCD. The properties of charmonium thus provide a convenient
point of contact between experiment and QCD. See Ref. (54) for a review of issues
in charmonium.
Lattice QCD
(LQCD): A method
for calculating
strong interaction
quantities on
computers, with
space-time
represented by a
discrete lattice.
The following two sections will cover a selection of BES results on masses and
radiative transitions of charmonium states below DD¯ threshold. The final section
will discuss some anomalies in J/ψ and ψ(2S) decays.
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Charmonium
A charmonium state is made of a charm quark and an anti-charm quark with a given set of internal
quantum numbers, such as spin (S), orbital angular momentum (L), and principal quantum number (n).
The charmonium system is the set of all possible charmonium states. It is thus similar to the Hydrogen
atom or the positronium system in Quantum Electrodynamics. Unlike Hydrogen or positronium, however,
each state of charmonium has a different name. The ηc(1S) is the ground state, with n = 1, L = 0, and
S = 0. The hc(1P ), as another example, has n = 1, L = 1, and S = 0.
7.1. Masses of charmonium states
As mentioned above, masses of charmonium states provide key information about
the form of the potential binding the cc¯ pair. The ηc(1S) plays a special role since
it is the ground state of charmonium. Furthermore, since the ηc(1S) and J/ψ only
differ in their spin (the ηc(1S) has S = 0 while the J/ψ has S = 1), their mass
difference, also known as the hyperfine splitting, is sensitive to the spin-spin part of
the potential. The calculation of the hyperfine splitting is a key prediction of many
models. The mass splitting between the hc(1P ) and the χcJ(1P ) states (combined
in the form of a spin-weighted average) plays a similar role. These states also differ
only in their spin (the hc(1P ) has S = 0, while the χcJ(1P ) has S = 1), but their
internal orbital angular momentum (L) is one. In this case it is expected that the
mass splitting vanishes to lowest order. Thus a measurement of the mass splitting is
sensitive to higher order effects.
BES has made important and unique contributions to the measurement of the
masses of the ηc(1S), hc(1P ), and χcJ(1P ). The measurement of each is summarized
below.
1. Measurement of the mass of the ηc(1S). BES has a long history of ηc(1S)
mass measurements using the M1 transitions J/ψ → γηc(1S) and ψ(2S)→ γηc(1S).
BESI, combining results from 7.8 million J/ψ and 3.8 million ψ(2S) decays found
the mass to be 2976.3 ± 2.3 ± 1.2 MeV/c2 (55, 56) (see the left panel of Figure 6);
and BESII, using 58 million J/ψ decays, found 2977.5± 1.0± 1.2 MeV/c2 (57) (see
the middle panel of Figure 6). These measurements were consistent with other mea-
surements from radiative decays, but systematically lower than measurements from
other production mechanisms, such as γγ collisions, B decays, or pp¯ annihilation.
This represented a serious problem. At BESIII, using 106 million ψ(2S) decays, the
line-shape of the ηc(1S) was found to be clearly distorted (see the right panel of
Figure 6). Taking into account the expected E7 energy-dependence of the radiated
photon (58), and including interference with the non-ηc(1S) background, the mass
was found to be 2984.3 ± 0.6 ± 0.6 MeV/c2 (59), more in line with other measure-
ments, and resolving the previous discrepancy. The lower statistics of the previous
measurements apparently hid these important effects. A subsequent measurement
using hc(1P )→ γηc(1S) confirmed this higher mass (60).
2. Measurement of the mass of the χcJ(1P ). BESII measured the masses
of the χcJ(1P ) states using the process ψ(2S)→ γχcJ(1P ) (61). The χcJ(1P ) were
allowed to decay inclusively. Rather than detect the energy of the photon directly,
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5!!13.3 MeV is fixed and the mass, number of events, and
" are allowed to float, the resulting mass value and number
of events are m#c!2976.7"3.0 MeV and 91.5"21.2, re-
spectively.
The main systematic errors associated with the m#c deter-
mination arise from the mass-scale calibration, the detection
efficiency, and the uncertainties associated with the selection
of the cut values. In the case of the $(2S) measurement %8&,
the level of the systematic error on the overall mass scale of
BES was estimated as 0.8 MeV by comparing the masses of
the 'c1 and 'c2 charmonium states, detected in the same
decay channels, with their PDG values. These masses have
been measured in a number of experiments, and the reported
values have good internal consistency. Because the energy
FIG. 1. The (a) mK#K$*#*$,
(b) m*#*$*#*$, (c) mK"KS0*%, (d)
m++ and (e) mK#K$*0 distribution
in the #c region; (f) is the com-
bined four-charged-track mass
distribution of (a), (b), (c) and (d).
TABLE I. The number of fitted events and the mass for individual channels. The errors are statistical. "
is the full width of the #c fixed at the PDG value. ! is the mass resolution given by the Monte Carlo
simulation.
Channel No. of events mass(MeV) "(MeV) !(MeV)
K#K$*#*$ 37.3"13.4 2976.6"6.3 13.2 13.7
*#*$*#*$ 24.9"11.2 2975.5"7.3 13.2 12.8
K"KS0*%→K"*%*#*$ 27.5"10.4 2978.6"5.2 13.2 13.1
++→K#K$K#K$ 12.4"3.3 2978.7"6.1 13.2 13.2
K#K$*0 39.4"15.2 2975.1"9.9 13.2 25.0
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Fig. 1. The invariant mass distributions in the ηc region for channels (a) mK+K−π+π− , (b) mπ+π−π+π− , (c) mK±K0Sπ∓ , (d) mφφ and(e) mpp¯ .
Table 3
Comparison of K0s , φ and Λ mass peak positions
K0s (MeV/c2) φ (MeV/c2) Λ (MeV/c2)
Our measurements 496.9± 0.1 1019.6± 0.1 1115.3± 0.1
PDG values 497.67± 0.03 1019.417± 0.014 1115.683± 0.006
%M −0.8± 0.1 0.2± 0.1 −0.4± 0.1
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background processes, but do find dozens of decay modes
that each make small additional contributions to the back-
ground. These decays typically have additional or fewer
photons in their final states. The sum of these background
events is used to estimate the contribution from other
c ð3686Þ decays. Backgrounds from the eþe$ ! q !q con-
tinuum process are studied using a data sample taken atffiffi
s
p ¼ 3:65 GeV. Continuum backgrounds are found to be
small and uniformly distributed in MðXiÞ. There is also an
irreducible nonresonant background, c ð3686Þ! !Xi, that
has the same final state as signal events. A nonresonant
component is included in the fit to the "c invariant mass.
Figure 1 shows the "c invariant mass distributions for
selected "c candidates, together with the estimated #
0Xi
backgrounds, the continuum backgrounds normalized by
luminosity, and other c ð3686Þ decay backgrounds esti-
mated from the inclusive MC sample. A clear "c signal
is evident in every decay mode. We note that all of the "c
signal have an obviously asymmetric shape: there is a
long tail on the low-mass side; while on the high-mass side,
the signal drops rapidly and the data dips below the ex-
pected level of the smooth background. This behavior of
the signal suggests possible interference with the nonreso-
nant !Xi amplitude. In this analysis, we assume 100% of
the nonresonant amplitude interferes with the "c.
The solid curves in Fig. 1 show the results of an un-
binned simultaneous maximum likelihood fit in the range
from 2.7 to 3:2 GeV=c2 with three components: signal,
nonresonant background, and a combined background
consisting of #0Xi decays, continuum, and other
c ð3686Þ decays. The signal is described by a Breit-
Wigner function convolved with a resolution function.
The nonresonant amplitude is real, and is described by an
expansion to second order in Chebyshev polynomials de-
fined and normalized over the fitting range. The combined
background is fixed at its expected intensity, as described
earlier. The fitting probability density function as a func-
tion of mass (m) reads
FðmÞ ¼ $ & ½%ðmÞjei&E7=2! SðmÞ þ 'N ðmÞj2( þBðmÞ;
where SðmÞ, N ðmÞ, and BðmÞ are the signal, the non-
resonant !Xi component, and the combined background,
respectively; E! is the photon energy,$ is the experimental
resolution, and %ðmÞ is the mass-dependent efficiency. The
E7! multiplying jSðmÞj2 reflects the expected energy depen-
dence of the hindered-M1 transition [16], which partially
contributes to the "c low-mass tail as well as the interfer-
ence effect. The interference phase & and the strength of
the nonresonant component ' are allowed to vary in the fit.
The mass-dependent efficiencies are determined from
phase space distributed MC simulations of the "c decays.
Efficiencies obtained from MC samples that include inter-
mediate states change the resulting mass and width by
negligible amounts. MC studies indicate that the resolution
is almost constant over the fitting range. Thus, a mass-
independent resolution is used in the fit. The detector
resolution is primarily determined by MC simulation for
2) GeV/cπM(KsK
2.7 2.75 2.8 2.85 2.9 2.95 3 3.05 3.1 3.15 3.2
2
Ev
en
ts
 / 
10
 M
eV
/c
0
50
100
150
200
250
2
Ev
en
ts
 / 
10
 M
eV
/c
2
Ev
en
ts
 / 
10
 M
eV
/c
2
Ev
en
ts
 / 
10
 M
eV
/c
data
’ decaysψother 
iX0π
cont
sig
non-reso
int
2) GeV/c0πM(KK
2.7 2.75 2.8 2.85 2.9 2.95 3 3.05 3.1 3.15 3.2
2
Ev
en
ts
 / 
10
 M
eV
/c
0
50
100
150
200
250
2
Ev
en
ts
 / 
10
 M
eV
/c
2
Ev
en
ts
 / 
10
 M
eV
/c
2
Ev
en
ts
 / 
10
 M
eV
/c
data
’ decaysψother 
iX0π
cont
sig
non-reso
int
2) GeV/cηππM(
2.7 2.75 2.8 2.85 2.9 2.95 3 3.05 3.1 3.15 3.2
2
Ev
en
ts
 / 
10
 M
eV
/c
-20
0
20
40
60
80
100
120
140
160
2
Ev
en
ts
 / 
10
 M
eV
/c
2
Ev
en
ts
 / 
10
 M
eV
/c
2
Ev
en
ts
 / 
10
 M
eV
/c
data
’ decaysψother 
iX0π
cont
sig
non-reso
int
2) GeV/cπM(KsK3
2.7 2.75 2.8 2.85 2.9 2.95 3 3.05 3.1 3.15 3.2
2
Ev
en
ts
 / 
10
 M
eV
/c
0
20
40
60
80
100
120
140
2
Ev
en
ts
 / 
10
 M
eV
/c
2
Ev
en
ts
 / 
10
 M
eV
/c
2
Ev
en
ts
 / 
10
 M
eV
/c
data
’ decaysψother 
iX0π
cont
sig
non-reso
int
2) GeV/c0ππM(2K2
2.7 2.75 2.8 2.85 2.9 2.95 3 3.05 3.1 3.15 3.2
2
Ev
en
ts
 / 
10
 M
eV
c
0
50
100
150
200
250
300
2
Ev
en
ts
 / 
10
 M
eV
c2
Ev
en
ts
 / 
10
 M
eV
c
data
’ decaysψother 
iX0π
cont
sig
non-reso
int
2) GeV/cπM(6
2.7 2.75 2.8 2.85 2.9 2.95 3 3.05 3.1 3.15 3.2
2
Ev
en
ts
 / 
10
 M
eV
/c
0
50
100
150
200
250
2
Ev
en
ts
 / 
10
 M
eV
/c
2
Ev
en
ts
 / 
10
 M
eV
/c
data
’ decaysψother 
iX0π
cont
sig
non-reso
int
FIG. 1 (color). The MðXiÞ invariant mass distributions for the decays KSKþ#$, KþK$#0, "#þ#$, KSKþ#þ#$#$,
KþK$#þ#$#0, and 3ð#þ#$Þ, respectively, with the fit results (for the constructive solution) superimposed. Points are data and
the various curves are the total fit results. Signals are shown as short-dashed lines, the nonresonant components as long-dashed lines,
and the interference between them as dotted lines. Shaded histograms are (in red, yellow, green) for [continuum, #0Xi, other c ð3686Þ
decays] backgrounds. The continuum backgrounds for KSK
þ#$ and "#þ#$ decays are negligible.
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Figure 6
Evolution of measurements of the ηc(1S) mass. (left) Measurement of the ηc(1S) mass at
BESI (56) in the process J/ψ → γηc(1S); ηc(1S)→ K±K0Spi∓ using 7.8 million J/ψ
decays. (middle) Measurement of the ηc(1S) mass at BESII (57) in the same process using
58 million J/ψ decays. (right) Measurement of the ηc(1S) mass at BESIII (59) in the same
process except from ψ(2S) using 106 million ψ(2S) decays. In each case the K±K0Spi
∓
decay mode of the ηc(1S) is shown as an example – each analysis used a combination of a
number of different ηc(1S) decays. In both BESI and BESII (the left two plots), the ηc(1S)
peak was fit with a symmetric Breit-Wigner distribution. In BESIII (the rig t plot), an E7γ
term was added, and interference with the non-ηc(1S) background was allowed. Notice the
obvious distortion in the lineshape at BESIII and hints of the same distortion at BESII.
Modified from References (56, 57, 59) with permission.
events in which the photon converted in the detector to an e+e− pair were used. This
allowed a much better determination of the photon energy, with resolutions on the
order of 2-4 MeV. The spin-weighted average mass of the χcJ(1P ) was determined to
be 3524.85±0.32±0.30 MeV/c2. Despite being over a decade old, this measurement
still represents a major component of the world average. It is surpassed in precision
only by measurements in pp¯ annihilation (62).
3. Measurement of the mass of the hc(1P ). BESIII has made two mea-
surements of the hc(1P ) mass, both using the transition ψ(2S) → pi0hc(1P ). In
the first, the hc(1P ) was reconstructed both inclusively and by tagging the pho-
ton in the transition hc(1P ) → γηc(1S) (63). Even though the inclusive process
has a large background, the measurement of the mass had a total error (statisti-
cal and systematic combined) of around 200 keV. This analysis will be discussed
further below in the context of the measurement of B(hc(1P ) → γηc(1S)). The
second measurement, however, was even more precise. In this analysis, the process
ψ(2S)→ pi0hc(1P );hc(1P )→ γηc(1S) was reconstructed exclusively using 16 decay
modes of the ηc(1S) (60) . This allowed an extremely clean sample of over 800 hc(1P )
events. The mass was determined to be 3525.31± 0.11± 0.14 MeV/c2 and the width
was measured as 0.70±0.28±0.22 MeV/c2. Both are the most precise measurements
to date.
7.2. Radiative transitions between charmonium states
BES has also made a number of influential measurements of radiative transitions
among charmonium states. A few of its unique contributions are highlighted below.
1. Measurement of B(hc(1P ) → γηc(1S)). Using its initial sample of
106 million ψ(2S) decays, BESIII was able to make the first measurement of the
E1 transition rate B(hc(1P ) → γηc(1S)) (63). This was measured by fitting the
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8!! "þ"""0 (##). For the #K0SK#"$ channel, these
background contributions are suppressed by requiring that
the recoil mass of all"þ"" pairs be less than 3:05 GeV=c2.
For the #KþK""0 channel, this type of contamination is
removed by requiring that the invariant mass of the two
charged tracks, assuming they are muons, be less than
2:9 GeV=c2. The remaining dominant background sources
are (1) c ð3686Þ! K0SK#"$ (KþK""0) events with a fake
photon candidate; (2) events with the same final states
including K0SK
#"$#ISR=FSR (KþK""0#ISR=FSR) with the
photon from initial- or final-state radiation (ISR, FSR) and
c ð3686Þ! !KþK" with !! #"0; and (3) events with
an extra photon, primarily from c ð3686Þ! "0K0SK#"$
("0KþK""0) with "0 ! ##. MC studies demonstrate that
contributions from all other known processes are negligible.
The events in the first category, with a fake photon
incorporated into the kinematic fit, produce a peak in the
K0SK
#"$ (KþK""0) mass spectrum close to the expected
!cð2SÞ mass, with a sharp cutoff due to the 25-MeV
photon-energy threshold.
Because the fake photon adds no information to the fit,
its inclusion distorts the mass measurement. We therefore
determine the mass from a modified kinematic fit in which
the magnitude of the photon momentum is allowed to
freely float (3C for #K0SK
#"$ and 4C for #KþK""0).
In the case of a fake photon, the momentum tends to zero,
which improves the background separation with minimal
distortion of the signal line shape [16].
Background contributions from c ð3686Þ ! K0SK#"$
(KþK""0) and c ð3686Þ! K0SK#"$#FSR (KþK""0
#FSR) are estimated with MC distributions for those
processes normalized according to a previous measure-
ment of the branching ratios [21]. FSR is simulated in
our MC generations with PHOTOS [22], and the FSR con-
tribution is scaled by the ratio of the FSR fractions in data
and MC generations for a control sample of c ð3686Þ!
#$cJ (J ¼ 0 or 1) events. For this study the $cJ is
selected in three final states with or without an extra FSR
photon, namely K0SK
#"$ð#FSRÞ, "þ"""þ""ð#FSRÞ, and
"þ""KþK"ð#FSRÞ, as described in Ref. [16]. Background
contributions from the continuum process eþe" ! #( !
K0SK
#"$ð#FSRÞ (KþK""0ð#FSRÞ) and the ISR
process eþe" ! #(#ISR ! K0SK#"$#ISRðKþK""0#ISRÞ
are estimated with data collected at
ffiffi
s
p ¼ 3:65 GeV
corrected for differences in the integrated luminosity and
the cross section, and with particle momenta and
energies scaled to account for the beam-energy dif-
ference. MC simulations show that the K0SK
#"$
(KþK""0) mass spectra are similar for FSR and ISR events.
Events without radiation have the same mass distribution
independently of originating from a resonant c ð3686Þ decay
or from the nonresonant continuum production. Thus,
the background shapes from K0SK
#"$ðKþK""0Þ and
K0SK
#"$#ISR=FSRðKþK""0#ISR=FSRÞ are described by the
sum of the MC-simulated K0SK
#"$ðKþK""0Þ and
K0SK
#"$#FSRðKþK""0#FSRÞ invariant-mass shapes, with
the proportions fixed according to the procedure described
above. The shapes of background mass distributions from
c ð3686Þ! !KþK" with !! #"0 are parameterized
with a double-Gaussian function, and its level is measured
with the same data sample and fixed in the final fit.
The third type of background, that with an extra photon,
"0K0SK
#"$ð"0KþK""0Þ, is measured with data and nor-
malized according to the simulated contamination rate. It
contributes a smooth component around the $cJ (J ¼ 1, 2)
mass region with a small tail in the !cð2SÞ signal region
that is described by a Novosibirsk function [23] (Gaussian
function) for the "0K0SK
#"$ ("0KþK""0) background.
The shape and size of this background is fixed in the fit.
The mass spectra for the K0SK
#"$ and KþK""0 chan-
nels are fitted simultaneously to extract the yield, mass, and
width of !cð2SÞ. To better determine the background and
mass resolution from the data, the mass spectra are fitted
over a range (3:46–3:71 GeV=c2) that includes the $c1 and
$c2 resonances as well as the !cð2SÞ signal. The final mass
spectra and the likelihood fit results are shown in Fig. 1.
Each fitting function includes four components, namely,
!cð2SÞ, $c1, $c2, and the summed background described
above. Line shapes for $c1 and $c2 are obtained from MC
simulations and convolved with Gaussian functions to
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FIG. 1 (color online). The invariant-mass spectrum for K0SK
#"$ (left panel), KþK""0 (right panel), and the simultaneous
likelihood fit to the three resonances and combined background sources as described in the text.
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The cylindrical core of the BESIII detector consists of a
helium-gas-based drift chamber (MDC), a plastic scintilla-
tor time-of-flight system, and a CsI(Tl) electromagnetic
calorimeter (EMC), all enclosed in a superconducting so-
lenoidal magnet providing a 1.0-T magnetic field. The
solenoid is supported by an octagonal flux-return yoke
with resistive plate counter muon identifier modules inter-
leaved with steel. The charged particle and photon accep-
tance is 93% of 4!, and the charged-particle momentum
and photon-energy resolutions at 1 GeVare 0.5% and 2.5%,
respectively.
We perform the analysis on a data sample consisting of
ð1:06" 0:04Þ $ 108 c 0 decays [14]. An independent sam-
ple of 42:6 pb%1 at 3.65 GeV is used to determine contin-
uum (eþe% ! q !q) background. We measure hc production
by selecting events consistent with c 0 ! !0hc [momen-
tum pð!0Þ ’ 84 MeV=c] and fitting the distribution of
masses recoiling against the !0. The yield of c 0 !
!0hc, hc ! "#c is determined with the same technique
on events containing a '500 MeV photon.
We model BESIII with a Monte Carlo (MC) simulation
based on GEANT4 [15,16]. EVTGEN [17] is used to generate
c 0 ! !0hc events with an hc mass of 3525:28 MeV=c2
[11] and a width equal to that of the $c1 (0.9 MeV). The E1
transition hc ! "#c (assumed branching ratio 50%) is
modeled with EVTGEN, with an angular distribution in the
hc frame of 1þ cos2%. Other hc decays are simulated by
PYTHIA [17]. The #c decay parameters are set to Particle
Data Group values [6], with known modes simulated by
EVTGEN and the remainder by PYTHIA. Backgrounds are
studied with a sample of c 0 generated by KKMC calcula-
tions [18] with known decays modeled by EVTGEN and
other modes generated with LUNDCHARM [17].
Charged tracks in BESIII are reconstructed from MDC
hits. To optimize the momentum measurement, we select
tracks in the polar angle range j cos%j< 0:93 and require
that they pass within"10 cm of the interaction point in the
beam direction and within"1 cm in the plane perpendicu-
lar to the beam. Electromagnetic showers are reconstructed
by clustering EMC crystal energies. Efficiency and energy
resolution are improved by including energy deposits in
nearby time-of-flight counters. Showers used in selecting
E1-transition photons and in !0 reconstruction must sat-
isfy fiducial and shower-quality requirements. Showers in
the barrel region (j cos%j< 0:8) must have a minimum
energy of 25 MeV, while those in the end caps (0:86<
j cos%j< 0:92) must have at least 50 MeV. Showers in the
region between the barrel and end cap are poorly recon-
structed and are excluded. To eliminate showers from
charged particles, a photon must be separated by at least
10( from any charged track. EMC cluster timing require-
ments suppress electronic noise and energy deposits unre-
lated to the event. Diphoton pairs are accepted as !0
candidates if their reconstructed mass satisfies 120<
M"" < 145 MeV=c
2, approximately equivalent to 1.5
(2.0) standard deviations on the low-mass (high-mass)
side of the mass distribution. A 1-C kinematic fit with
the !0 mass constrained to its nominal value is used to
improve the energy resolution.
Candidate events must have at least two charged tracks,
with at least one passing the fiducial and vertex cuts. For
selection of inclusive !0 events we demand at least two
photons passing the above requirements, with at least three
photons for E1-tagged candidate events. To suppress con-
tinuum background, the total energy deposition in the
EMC must be greater than 0.6 GeV. Background events
from c 0 ! !þ!%J=c and !0!0J=c are suppressed by
requiring that the !þ!% (!0!0) recoil mass be outside the
range 3097" 7 MeV=c2 (3097" 15 MeV=c2).
To improve the signal-to-noise ratio, photons used in
signal !0 candidates must be in the barrel and ave ener-
gies greater than 40 MeV. For the inclusive analysis, !0
candidates are excluded if either daughter photon can make
a !0 with another photon in the event. Figure 1 shows the
inclusive !0 recoil-mass spectra after applying the above
selection criteria. For the E1-tagged selection [Fig. 1(a)],
we require one photon in the energy range 465–535 MeV,
demanding that it not form a !0 with any other photon in
the event. Because E1-tagged events have reduced back-
ground, we keep them even if daughter photons can be used
in more than one !0 combination, choosing the candidate
with the minimum 1-C fit $2. Events with more than one
!0 in the 3:500–3:555 GeV=c2 recoil-mass region are
excluded.
The !0 recoil-mass spectra (Fig. 1) are fitted by an
unbinned maximum likelihood method. Because of its
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FIG. 1 (color online). (a) The !0 recoil-mass spectrum and fit
for the E1-tagged analysis of c 0 ! !0hc, hc ! "#c. (b) The !0
recoil-mass spectrum and fit for the inclusive analysis of c 0 !
!0hc. Fits are shown as solid lines, background as dashed lines.
The insets show the background-subtracted spectra.
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Measurements of radiative t a sitions at BESIII. (left) The top plot shows a fit to the
hc(1P ) mass in the process ψ(2S)→ pi0hc(1P );hc(1P )→ γηc(1S). The energy of the
radiated photon is used to tag this process. The bottom plot is a fit to the hc(1P ) mass in
the process ψ(2S)→ pi0hc(1P ). The ratio of the two fits gives B(hc(1P )→ γηc(1S)) (63).
(right) The measurement of B(ψ(2S)→ γηc(2S)) (64). The ηc(2S) is the peak between
3.60 and 3.65 GeV/c2, surrounded by prominent backgrounds on either side. Modified from
References (63, 64) with permission.
hc(1P ) peak in the inclusive pi
0 recoil mass spectrum with and without tagging
the photon from hc(1P ) → γηc(1S). When the photon is tagged, the fit gives the
product B(ψ(2S) → pi0hc(1P )) × B(hc(1P ) → γηc(1S)) (see the top histogram in
the left panel of Figure 7). When the photon is not tagged, the fit gives B(ψ(2S)→
pi0hc(1P )) (see the bottom histogram in the left panel of Figure 7). Dividing these
two results gives a measurement of B(hc(1P )→ γηc(1S)) = (54.3±6.7±5.2)%. This
measurement falls within the wide range of expected values, and has helped restrict
theoretical models.
2. Measurement of B(ψ(2S) → γηc(2S)). Unsuccessful searches for the
transition ψ(2S) → γηc(2S) have been carried out since the early 1980’s. BESIII
was finally able to make the first observation of this process using its initial sample
of 106 million ψ(2S) decays (64). The low energy of the transition photon and the
prominent background peaks due to ψ(2S) → γχcJ(1P ) make this an especially
difficult measurement. To reduce background, the ηc(2S) was reconstructed in the
exclusive channels K0SK
±pi∓ and K+K−pi0. The resulting K0SK
±pi∓ mass spectrum
is shown in the right panel of Figure 7 (theK+K−pi0 mass spectrum is similar, but not
shown). The signal appears as the peak between 3.60 and 3.65 GeV/c2. The peaks to
the left of the signal are from the χcJ ; the peak to the right is from spurious showers
in the calorimeter. Normalizing to a BaBar measurement of B(ηc(2S)→ KK¯pi) (65)
gives a branching fraction of B(ψ(2S) → γηc(2S)) = (6.8 ± 1.1 ± 4.5) × 10−4. This
remains the only observation of this process.
MULTIPOLES:
Terms in an
expansion of the
radiative transition
amplitude.
Higher-order terms
are suppressed, but
are sensitive to
details of the
transition.
3. Measurement of multipoles in ψ(2S) → γχc2. The high statistics
and cleanliness of the process ψ(2S)→ γχc2;χc2 → pi+pi− and K+K− have allowed
detailed studies of multipoles beyond the dominant E1 transition. These higher mul-
18 R. A. Briere, F. A. Harris and R. E. Mitchell
tipoles are important for a number of reasons: they could serve as an explanation
for some apparent deviations from theoretical E1 rates; the M2 amplitude is sensi-
tive to the anomalous magnetic moment of the charm quark; and the E3 amplitude
is sensitive to the orbital angular momentum of the quarks in the ψ(2S). An ini-
tial measurement from BESII (66), using 14 million ψ(2S) decays, found M2 and
E3 contributions consistent with zero. The measurement from BESIII (67), using
106 million ψ(2S), gave the first evidence of a non-zero M2 component. It is incon-
sistent with zero with a significance of 4.4σ. It is consistent with predictions when the
anomalous magnetic moment of the charm quark is assumed to be zero. An improved
result from BESIII, using the full 448 million ψ(2S) decays dataset, is forthcoming.
7.3. Decays of the J/ψ and ψ(2S)
Another interesting feature of charmonium physics is the surprising differences be-
tween J/ψ and ψ(2S) decays to light quark states. It is reasonable to think that
once the charm and anti-charm quarks of the initial J/ψ or ψ(2S) annihilate, pre-
dominantly going through a single virtual photon or three gluons, the subsequent
hadronization of the photon or gluons should be independent of their origin. From
this reasoning, one would expect that the ratio of rates for the ψ(2S) and J/ψ to
decay to any specific combination of light quark hadrons would be roughly constant
(after adjusting for the mass difference of the J/ψ and ψ(2S) in a straightforward
way). Since the rate for the dilepton decay of ψ(2S) is roughly 12% that of the J/ψ,
it is thought that this constant ratio should be around 12%. This is the “12% rule.”
The 12% rule does, in fact, hold for many decays of the J/ψ and ψ(2S). For
example, BESII made the best measurement of the branching fraction B(J/ψ →
pp¯pi0) (68), while BESIII made the best measurement of B(ψ(2S) → pp¯pi0) (52).
Taking the ratio of the world average values (dominated by the BES measurements)
one finds B(ψ(2S) → pp¯pi0)/B(J/ψ → pp¯pi0) = (12.9 ± 1.0)%, consistent with the
12% rule.
However, the 12% rule fails spectacularly for a few decay channels. One of the
most well-known is in J/ψ and ψ(2S) decays to ρpi, where the ρpi decays to the
pi+pi−pi0 final state (69). Using a combination of 58 million directly produced J/ψ
and J/ψ produced using 14 million ψ(2S), BESII determined B(J/ψ → ρpi) = (2.10±
0.12) × 10−2 (70). In contrast, BESII performed a PWA of the ψ(2S) → pi+pi−pi0
channel to determine B(ψ(2S)→ ρpi) = (5.1± 1.3)× 10−5 (71). The ratio of ψ(2S)
to J/ψ is only (0.24± 0.06)%, much smaller than 12%. This phenomenon is referred
to as the ρpi puzzle; a definitive solution is yet to be found. In addition to the vastly
different rates of ρpi production in ψ(2S) and J/ψ decays, there is also a striking
difference between their pi+pi−pi0 Dalitz plots. BESIII published a stark comparison
in Ref. (72).
Two other interesting decays where the 12% rule fails are γη and γη′. BESI
did an early analysis of the ψ(2S) decays (73); and BESII did an early analysis of
J/ψ decays (74). BESIII made a definitive measurement of the ψ(2S) decays (75),
the most precise measurements to date. The ratio of branching fractions to γη′ is
(2.4 ± 0.1)%, violating the 12% rule. But even more dramatic is the γη channel,
where the ratio of ψ(2S) to J/ψ decays is only (0.13 ± 0.05)%, even lower than the
ρpi ratio. In addition to violating the 12% rule, it is also surprising that the ratios
for γη and γη′ are so different from one another.
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8. XYZ PHYSICS
Apart from a few anomalies, such as the ρpi puzzle, discussed above, the charmonium
system below DD¯ threshold is fairly well understood. The same is not true for the
states above DD¯ threshold. Starting with the discoveries of the X(3872) in 2003 at
Belle (76) and the Y (4260) in 2005 at BaBar (77), there has been a flood of new
states that cannot be accommodated within the cc¯ picture of charmonium. These
anomalous states, referred to as the “XY Z” states (reflecting their still-mysterious
nature), could be pointing towards the existence of exotic compositions of quarks and
gluons (54).
For example, the Y (4260) could be a “hybrid meson,” a meson made of a quark
and an anti-quark (as in a “conventional meson”), but with the gluonic field in an
excited state. The X(3872), on the other hand, could be a “meson molecule,” a
meson composed of a bound state of two conventional mesons. Other possibilities
for the XY Z are “tetraquarks” (composites of two quarks and two anti-quarks),
or “hadrocharomium” (conventional mesons surrounded by a field of light quark
mesons), among others (54).
The existence of non-qq¯ states would help clarify our understanding of QCD,
which, according to the latest calculations, predicts them. It is also possible that a
few of these observed phenomena may not actually be “states” at all, but instead arise
from rescattering effects, or the opening of thresholds, etc. If this turns out to be the
case, then the XY Z region would provide a prime testing ground for understanding
such phenomena. In any case, studies of the XY Z are continually breaking new
ground, and the issues that have arisen have not yet been resolved.
The “Y” family of states is especially relevant for the BESIII studies that will be
discussed below. They are produced in the process e+e− → Y , where the center-of-
mass collision energy of the e+e− matches the mass of the produced Y . But before
BESIII, they were studied primarily at Belle and BaBar, where the center-of-mass
energies of the e+e− collisions are typically in the 10 GeV region, far above the masses
of the Y states, which are in the region of 4 − 5 GeV/c2. To produce them, Belle
and BaBar relied on initial state radiation (ISR), a relatively rare process whereby
the initial e+ or e− first radiates a high-energy photon before annihilating, reducing
the center-of-mass collision energy to the required region.
The breakthrough at BESIII was to produce these states directly, taking ad-
vantage of the more propitious energy range of BEPC. Thus, the Y (4260) could be
produced by tuning the e+e− center-of-mass energy to 4.26 GeV, the Y (4360) could
be produced at 4.36 GeV, and so on. This has at least two advantages. The rates are
higher, because the process does not depend on the emission of a high-energy ISR
photon. Also, the Y is produced at rest in the laboratory, as opposed to boosted
along the beam direction as in the ISR process, making the detection of the final
decay products more efficient.
The initial idea at BESIII was to collect 500 pb−1 of data at both 4.26 and
4.36 GeV in 2013 in order to study decays of the Y (4260) and Y (4360), respectively.
However, after many discoveries, such as the discoveries of the charged Zc states,
to be discussed below, the program was extended. After an extended running pe-
riod in 2013 and another year of running in 2014, BESIII now has large samples
of events at 4.23 GeV (1092 pb−1), 4.26 GeV (826 pb−1), 4.36 GeV (540 pb−1),
4.42 GeV (1074 pb−1), and 4.60 GeV (567 pb−1), as well as smaller samples at many
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energy points between (78). This is in addition to the 482 pb−1 of data collected at
4.01 GeV in 2011.
8.1. Discovery of charged Zc states
The initial samples of 500 pb−1 of e+e− collision data at 4.26 and 4.36 GeV were
collected between mid-December of 2012 and February of 2013. One of the first chan-
nels to be checked, even before data-taking had finished, was e+e− → pi+pi−J/ψ at
4.26 GeV, since this is near the peak of the Y (4260), and the Y (4260) is known to
decay to pi+pi−J/ψ. Initial checks of the cross section agreed with what was expected
based on the Belle and BaBar measurements of the same channel using the ISR pro-
cess. But it was also quickly noticed that there was a large peak around 3900 MeV/c2
in the pi±J/ψ subsystem. Such a peak, subsequently named the Zc(3900), points to-
wards the existence of a particle that is manifestly exotic. Decaying to the J/ψ, it
most likely contains a cc¯ pair. But being charged, it must include more than that cc¯
pair. The simplest interpretation is that its electric charge comes from an additional
light quark and anti-quark pair, making it a strong candidate for a tetraquark or a
meson molecule, among other possibilities.
The analysis of the e+e− → pi+pi−J/ψ process at 4.26 GeV, and the observed
charged Zc(3900) in the pi
±J/ψ subsystem, was performed quickly, but with many
cross-checks. The result was made public in March of 2013 and was published in
June (79), only four months after the data was taken. A simultaneous observation
of the Zc(3900), but with fewer events, was published by Belle (80). In fact, a few
of the primary authors on the BESIII paper were also among the primary authors
of the Belle paper. The Zc(3900), as seen by BESIII, is shown in the left panel
of Figure 8. Its mass and width were found to be 3899.0 ± 3.6 ± 4.9 GeV/c2 and
46± 10± 20 GeV/c2, respectively. Although only published in 2013, the observation
of the Zc(3900) is already the highest cited paper at BESIII, having received over
300 citations.
In February of 2013, shortly after the end of the initial round of data-taking,
there was a BESIII collaboration meeting at Tsinghua University. Many surprising
results from the new data sets were shown (some of which are discussed below), and
it was decided to extend the data-taking time until June of 2013.
The first of these additional surprises was the discovery of the charged Zc(4020)
that appears in the pi±hc(1P ) subsystem of the process e+e− → pi+pi−hc(1P ) (81).
The discovery is shown in the right panel of Figure 8. Its mass and width were
determined to be 4022.9± 0.8± 2.7 GeV/c2 and 7.9± 2.7± 2.6 GeV/c2, respectively.
The reasons that this state is interesting are the same as those for the Zc(3900): it
decays to charmonium and it is charged. It is therefore an additional tetraquark (or
meson molecule) candidate.
One clue about the nature of the Zc(3900) and the Zc(4020) may come from their
masses. The Zc(3900) has a mass just above D
∗D¯ threshold and the Zc(4020) has a
mass just above D∗D¯∗ threshold. Thus, along with the closed charm channels, analy-
ses were simultaneously performed in the open charm reactions e+e− → (DD¯∗)±pi∓
and (D∗D¯∗)±pi∓. In each case, a peak was found just above the charged D∗D¯(∗)
threshold. In the case of the (DD¯∗)±pi∓ channel, the peak was measured to have
a mass and width of 3883.9 ± 1.5 ± 4.2 GeV/c2 and 24.8 ± 3.3 ± 11.0 GeV/c2, re-
spectively (82) . By looking at the angular distribution of its decay, this peak was
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9a mass difference of 2:1 MeV=c2, a width difference of
3.7 MeV, and production ratio difference of 2.6% absolute.
Assuming the Zcð3900Þ couples strongly with D !D# results
in an energy dependence of the total width [22], and the fit
yields a difference of 2:1 MeV=c2 for mass, 15.4 MeV for
width, and no change for the production ratio. We estimate
the uncertainty due to the background shape by changing to
a third-order polynomial or a phase space shape, varying
the fit range, and varying the requirements on the !2 of the
kinematic fit. We find differences of 3:5 MeV=c2 for mass,
12.1 MeV for width, and 7.1% absolute for the production
ratio. Uncertainties due to the mass resolution are esti-
mated by increasing the resolution determined by MC
simulations by 16%, which is the difference between the
MC simulated and measured mass resolutions of the J=c
and D0 signals. We find the difference is 1.0 MeV in the
width, and 0.2% absolute in the production ratio, which are
taken as the systematic errors. Assuming all the sources of
systematic uncertainty are independent, the total system-
atic error is 4:9 MeV=c2 for mass, 20 MeV for width and
7.5% for the production ratio.
In Summary, we have studied eþe% ! "þ"%J=c at a
c.m. energy of 4.26 GeV. The cross section is measured to
be ð62:9& 1:9& 3:7Þ pb, which agrees with the existing
results from the BABAR [5], Belle [3], and CLEO [4]
experiments. In addition, a structure with a mass of
ð3899:0& 3:6& 4:9Þ MeV=c2 and a width of ð46& 10&
20Þ MeV is observed in the "&J=c mass spectrum. This
structure couples to charmonium and has an electric
charge, which is suggestive of a state containing more
quarks than just a charm and anticharm quark. Similar
studies were performed in B decays, with unconfirmed
structures reported in the "&c ð3686Þ and "&!c1 systems
[23–26]. It is also noted that model-dependent calculations
exist that attempt to explain the charged bottomonium-
like structures which may also apply to the charmonium-
like structures, and there were model predictions of
charmoniumlike structures near the D !D# and D# !D#
thresholds [27].
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FIG. 4 (color online). Fit to the Mmaxð"&J=c Þ distribution as
described in the text. Dots with error bars are data; the red solid
curve shows the total fit, and the blue dotted curve the back-
ground from the fit; the red dotted-dashed histogram shows the
result of a phase space (PHSP) MC simulation; and the green
shaded histogram shows the normalized J=c sideband events.
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Gaussian with a mass resolution determined from the data
directly. Assuming the spin parity of the Zcð4020Þ JP ¼
1þ, a phase space factor pq3 is considered in the partial
width, where p is the Zcð4020Þ momentum in the eþe%
c.m. frame and q is the hc momentum in the Zcð4020Þ c.m.
frame. The background shape is parametrized as an
ARGUS function [18]. The efficiency curve is considered
in the fit, but possible interferences between the signal and
background are neglected. Figure 4 shows the fit results;
the fit yields a mass of ð4022:9& 0:8Þ MeV=c2 and a width
of ð7:9& 2:7Þ MeV. The goodness of fit is found to be
!2=n:d:f: ¼ 27:3=32 ¼ 0:85 by projecting the events into
a histogram with 46 bins. The statistical significance of the
Zcð4020Þ signal is calculated by comparing the fit like-
lihoods with and without the signal. Besides the nominal
fit, the fit is also performed by changing the fit range, the
signal shape, or the background shape. In all cases, the
significance is found to be greater than 8:9".
The numbers of Zcð4020Þ events are determined to be
N½Zcð4020Þ&( ¼ 114& 25, 72& 17, and 67& 15 at 4.23,
4.26, and 4.36 GeV, respectively. The cross sections are
calculated to be"½eþe% ! #&Zcð4020Þ) ! #þ#%hc( ¼
ð8:7& 1:9& 2:8& 1:4Þ pb at 4.23 GeV, ð7:4&1:7&2:1&
1:2Þ pb at 4.26 GeV, and ð10:3& 2:3& 3:1& 1:6Þ pb at
4.36 GeV, where the first errors are statistical, the second
ones systematic (described in detail below), and the third
ones from the uncertainty in Bðhc ! $%cÞ [14]. The
Zcð4020Þ production rate is uniform at these three energy
points.
Adding a Zcð3900Þ with the mass and width fixed to the
BESIII measurement [1] in the fit results in a statistical
significance of 2:1" (see the inset in Fig. 4). We set upper
limits on the production cross sections as "½eþe% !
#&Zcð3900Þ) ! #þ#%hc(< 13 pb at 4.23 GeV and
<11 pb at 4.26 GeV, at the 90% confidence level (C.L.).
The probability density function from the fit is smeared by
a Gaussian function with a standard deviation of "sys to
include the systematic error effect, where "sys is the rela-
tive systematic error in the cross section measurement
described below. We do not fit the 4.36 GeV data, as the
Zcð3900Þ signal overlaps with the reflection of the
Zcð4020Þ signal.
The systematic errors for the resonance parameters of
the Zcð4020Þ come from the mass calibration, parametri-
zation of the signal and background shapes, possible exis-
tence of the Zcð3900Þ and interference with it, fitting range,
efficiency curve, and mass resolution. The uncertainty
from the mass calibration is estimated by using the differ-
ence between the measured and known hc masses and D
0
masses (reconstructed from K%#þ). The differences are
(2:1& 0:4) and %ð0:7& 0:2Þ MeV=c2, respectively. Since
our signal topology has one low momentum pion and many
tracks from the hc decay, we assume these differences
added in quadrature, 2:6 MeV=c2, is the systematic error
due to the mass calibration. Spin parity conservation for-
bids a zero spin for the Zcð4020Þ, and, assuming that
contributions from D wave or higher are negligible, the
only alternative is JP ¼ 1% for the Zcð4020Þ. A fit under
this scenario yields a mass difference of 0:2 MeV=c2 and a
width difference of 0.8 MeV. The uncertainty due to the
background shape is determined by changing to a second-
order polynomial and by varying the fit range. A difference
of 0:1 MeV=c2 for the mass is found from the former, and
differences of 0:2 MeV=c2 for mass and 1.1MeV for width
are found from the latter. Uncertainties due to the mass
resolution are estimated by varying the resolution differ-
ence between the data and MC simulation by one standard
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FIG. 4 (color online). Sum of the simultaneous fits to the
M#&hc distributions at 4.23, 4.26, and 4.36 GeV as described in
the text; the inset shows the sum of the simultaneous fit to the
M#þhc distributions at 4.23 and 4.26 GeV with Zcð3900Þ and
Zcð4020Þ. Dots with error bars are data; shaded histograms are
the normalized sideband background; the solid curves show the
total fit, and the dotted curves the backgrounds from the fit.
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Figure 8
Discoveries of the Zc(3900) and Zc(4020) at BESIII. (left) Discovery of the Zc(3900) in the
pi±J/ψ substructure of the e+e− → pi+pi−J/ψ reaction (79). (right) Discovery of the
Zc(4020) in the pi±hc(1P ) substructure of e+e− → pi+pi−hc(1P ) (81). The points ar data
and the solid (green) histogram shows the background estimate from the J/ψ (left) and
hc(1P ) (right) sidebands. The inset in the right plot shows a search for the Zc(3900)
decaying to pi±hc(1P ). Modified from References (79, 81) with permission.
conclusively found to have JP = 1+. This result was also confirmed using a m re
exclusive method of reconstruction (83). And in the case of the (D∗D¯∗)±pi∓ chan-
nel, the peak occurred at a mass of 4026.3 ± 2.6 ± 3.7 GeV/c2 and had a width of
24.8± 5.6± 7.7 GeV/c2. (84). While the masses and widths of the open and closed
charm peaks are slightly different, it is reasonable to assume these phenomena are
related.
8.2. Emerging patterns and problems
One of the goals of the BESIII XY Z physics program is to establish patterns among
the multitude of new states. For example, it seems possible the interpretation of
the Y (4260) is somehow related to the interpretation of the Zc(3900) and Zc(4020),
since the latter are possibly produced in the decays of the former. To establish
this hypothesis, though, the e+e− → Zc(3900, 4020)±pi∓ cross sections need to b
mapped as a function of e+e− center-of-mass energy to see if they follow the shape
of t Y (4260).
Another connection between the XY Z s ates was also possibly found through
the observation of the process e+e− → γX(3872) (85). Mapping the cross section
as a function of e+e− center-of-mass energy does appear to trace out the Y (4260).
However, more data is needed to show this conclusively. It is hoped that connections
such as these among established XY Z states will aid in their interpretation.
Another satisfying set of results was the observation of n utral partners t the
charged Zc(3900) and Zc(4020). In this series of analyses, the neutral partner to
the Zc(3900) was s en in he pi
0J/ψ subsystem of e+e− → pi0pi0J/ψ (86); the
neutral partner to the Zc(4020) was seen in the pi
0hc(1P ) subsystem of e
+e− →
pi0pi0hc(1P ) (87); the neutral partner to the charged DD¯
∗ state (presumably related
to the Zc(3900)) was found in the neutral DD¯
∗ subsystem of e+e− → pi0(DD¯∗)0 (88);
and the neutral partner to the charged D∗D¯∗ state (presumably related to the
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Zc(4020)) was found in the neutral D
∗D¯∗ subsystem of e+e− → pi0(D∗D¯∗)0 (89).
Finally, connections are also possibly emerging between the charmonium and
strangeonium systems. BESII observed a state called the Y (2175) (originally ob-
served by BaBar using ISR (90)) in the decay J/ψ → ηY (2175) with Y (2175) →
f0(980)φ and f0(980) → pi+pi− (91). It was confirmed with higher statistics at
BESIII (92). This state is thought to possibly be the strangeonium analog of the
Y (4260).
But alongside the emergence of these patterns have come new problems. The most
prominent of these is the behavior of exclusive e+e− cross sections as a function
of center-of-mass energy, where there currently appears to be little order. It was
previously known that the Y (4260) appears in the e+e− → pi+pi−J/ψ cross section,
but does not appear in the e+e− → pi+pi−ψ(2S) cross section. Instead, e+e− →
pi+pi−ψ(2S) shows two clear structures, one called the Y (4360) and one called the
Y (4660). BESIII has already added to this mystery by measuring a number of other
channels. The e+e− → pi+pi−hc(1P ) cross section (81) shows no evidence for the
Y (4260), the Y (4360), or the Y (4660), only a very broad hump and possibly a narrow
peak around 4.23 GeV/c2. The ηJ/ψ cross section (93, 94) is also inconsistent with
pi+pi−J/ψ, but a finer scan is needed to determine the energy-dependence. Finally,
the ωχc0 cross section (95) was seen to peak near threshold, then quickly fade away.
What are the mechanisms that cause the cross sections to behave so differently?
And why, in general, is so much closed charm being produced so far above open
charm thresholds? With more data in the coming years, BESIII will be capable of
adding valuable information concerning these issues. And there will likely be more
surprises.
9. CHARM PHYSICS
At colliders operating near charm threshold, studies of the physics of D0 and D+
mesons are performed primarily via data taken at the ψ(3770) resonance. This is
third-lowest JPC = 1−− state (the quantum numbers directly accessible in e+e−
collisions) and the first with a mass above the DD¯ threshold. The ψ(3770) decays
primarily to D+D− and D0D¯0 pairs; it lacks sufficient energy to produce even one
additional pion, which is the lightest hadron. It is common to reconstruct one D
meson in a well-understood hadronic final state (the “tag” side), and then study the
decay of the other meson (the “signal” side) to some final state of interest. This
tagging technique removes non-resonant collision events and also reduces combina-
torics, i.e., the number of ways of forming the desired final state from the detected
particles. MARKIII pioneered the use of D tagging to measure absolute D meson
branching fractions (96, 97); constrained kinematics also permit studies of final states
with neutrinos.
9.1. Studies of the ψ(3770)
Properties of the ψ(3770) resonance itself have long been of interest and BESII was
an important contributor in this area. Using a sample of 27.7 pb−1 taken near
3773 MeV, BESII provided the first evidence for a specific non-DD¯ decay of this
state: ψ(3770) → J/ψpi+pi− (98). A signal of about 12 events with a significance
of more than three standard deviations indicated a branching ratio of order 0.3%.
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By now, several more exclusive non-DD¯ modes are known (4), but their sum is still
only 0.5%. One can investigate instead the inclusive, or total, non-DD¯ branching
fraction; two subsequent BESII papers addressed this issue. One measured the D0D¯0,
D+D−, and total hadronic cross sections vs. CM energy across the ψ(3770) peak
region (99). By subtracting the DD¯ sum from the total, one obtains B(ψ(3770) →
non−DD¯) = (16.4± 7.3± 4.2)%. An alternative analysis (100) determined the total
hadronic cross-section with 17.3 pb−1 of data taken near the ψ(3770) peak. Combined
with previous determinations of D0D¯0 and D+D− peak cross sections (101), BESII
obtained B(ψ(3770)→ non−DD¯ = (14.5±1.7±5.8)%. There is a mild disagreement
with a contemporaneous result from CLEO-c, which gave B(ψ(3770)→ non−DD¯) <
9% at 90% confidence level (102), a limit extracted from a result with a central
value quite close to zero. More precise determinations are desirable, but controlling
systematic uncertainties is challenging.
9.2. Precision Semileptonic and Leptonic D Decays
BESII also performed a measurement of the semileptonic D0 decays D0 → K−e+νe
and D0 → pi−e+νe (103). These measurements are of great interest as a middle-
ground between all-hadronic final states (easy to measure, theoretically difficult) and
all-leptonic decays (hard to measure, theoretically clean). Hadronic uncertainties
are summarized as functions of q2 = m2eν , known as form-factors (FF). Theory can
provide a controlled series expansion of the form-factor shape (104), but the normal-
ization has only been addressed by Lattice QCD (LQCD). One can use LQCD as an
input, and directly extract the CKM matrix quark-couplings, |Vcd| and |Vcs|. This
CKM MATRIX Vqq′ :
Measures the
relative amplitude of
weak interaction
transitions between
quark types q and q′.
provides a valuable alternative to other CKM element determinations, which often
assume there are no quarks beyond the six types currently known. One can also
test LQCD FF shapes and, using external |Vcq| values, also the FF normalizations
(in particular, the “intercepts,” or values at q2 = 0). The BESII work was the first
threshold semileptonic measurement in fifteen years, since MARKII’s initial work
with 9.56 pb−1 (105). Modest statistics meant that only estimates of the form-factor
intercepts, f+K(0) and f
+
pi (0), were obtained, by assuming naive FF shapes (from so-
called “pole models”). But this analysis was a bridge to the modern era: it was soon
followed by higher-statistics CLEO-c results, which were then surpassed by BESIII.
BESIII has accumulated 2.9 fb−1 of data at the ψ(3770) (106), which is 3.5 times
the previous largest sample, obtained by CLEO-c. With this, BESIII obtained the
most precise semileptonic form factors obtained to date (107). In Figure 9, we display
both the main signal plot for the more difficult (Cabibbo-suppressed) pi−e+νe mode,
as well as the extracted form factor compared to a LQCD result. The key signal
Cabibbo Suppression:
Reduction of decay
rates due to CKM
matrix elements
much smaller than
one.
variable is Umiss = Emiss − pmiss, where “miss” refers to the missing neutrino four-
vector inferred via energy-momentum conservation. As with the following D+ → µν
analysis, it is impressive how clean a signal is obtained for suppressed decays involving
undetectable neutrinos!
The purely leptonic decay D+ → µ+νµ is important since all hadronic uncer-
tainties are summarized in one number, the pseudoscalar decay constant, fD+ (108).
This is related to the square of the wave-function of the quarks forming the D+ me-
son. It is experimentally challenging, due to Cabibbo-suppression of the rate and the
presence of only one detectable decay product. The analysis reconstructs a hadronic
D tag opposite the signal decay, which here consists of only a single muon track. The
24 R. A. Briere, F. A. Harris and R. E. Mitchell
final signal plot makes use of the missing-mass-squared, MM2, calculated from the
inferred neutrino four-vector, which should peak at MM2 = m2ν = 0. The BESIII
result is shown in Figure 10. A well-known theoretical expression relates the branch-
ing ratio to the decay constant, and BESIII obtains fD+ = (203.2± 5.3± 1.8) MeV
(109). This is the most precise determination to date, and it compares well to LQCD
calculations (108).
Quantum Correlations
The pair of D mesons produced in ψ(3770) decays are correlated: the state of one influences the state of the
other. In particular, if one is detected decaying to an odd eigenstate of CP , then the other one must be even,
and vice-versa. This involves the same basic quantum mechanics as the famous Einstein-Podolsky-Rosen
correlations of photon pairs.
9.3. CP Tagging of D0D¯0 Pairs from the ψ(3770)
Due to quantum correlations, charm threshold data allows for CP -tagging of neutral
D mesons: reconstructing one D in a CP eigenstate projects the other into the
opposite CP eigenstate. These eigenstates are linear superpositions of the form
(D0 ± D¯0)/√2. Interference in the decays of such states allows the extraction of
relative phase information between D0 and D¯0 decays. A measurement of the D0 →
K−pi+ “strong phase” difference has been performed in this manner (110) . This
phase arises from strong-interaction scattering of the final-state particles. BESIII
CP : An operation
wherein particles
and antiparticles are
interchanged (C),
and left and right
are inverted (P ).
directly measures the difference between the CP− and CP+ eigenstates decaying
to K−pi+ divided by their sum, obtaining the asymmetry ACP = (12.7 ± 1.3 ±
0.7)%. Combining this result with certain external inputs allows them to obtain
cos δKpi = 1.02± 0.11± 0.06± 0.01 (errors are statistical, systematic, and external),
indicating a small phase δKpi. This result is useful in the interpretation of D
0 − D¯0
oscillation results obtained using the Kpi final state (111). Other quantum-correlation
analyses are underway; many of these are useful inputs to studies of the CKM matrix
performed with B meson decays.
9.4. Beyond the D+ and D0
BESIII continues to broaden its impact on charm physics with analyses using data
from energies above the ψ(3770). A recent measurement of B(Λc → Λe+νe) (112),
utilizes similar tagging techniques, but with ΛcΛ¯c pairs produced at 4.6 GeV. This
technique has also been applied to hadronic final states, such as Λc → pKpi (113),
the “golden mode” which anchors most Λc branching fractions. Another example is
a recent precise measurement of the D∗0 branching fractions to D0pi and D0γ (114).
Using 482 pb−1 of data taken at
√
s = 4009 MeV, BESIII obtains the ratio of decay
widths Γ(D∗0 → D0pi0)/Γ((D∗0 → D0γ) = 1.90 ± 0.07 ± 0.05, which is both more
precise and noticeably higher than previous results.
In the near future, BESIII anticipates dedicated running at 4170 MeV, where
D∗±s D
∓
s pairs are produced in abundance, thus adding precision Ds physics to the
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BESIII charm portfolio. In addition, significant samples exist at a variety of other
open-charm energies, as described above in the discussion of the XY Z states. With
this wealth of data, one may expect not only increased precision on existing results
from charm threshold, but also novel uses of the large and varied datasets of BESIII.
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TABLE I. Summary of the single D¯0 tags and efficiencies for reconstruction of the single D¯0 tags, where ∆E gives the
requirements on the energy difference between the measured EKnπ and beam energy Ebeam, while the MB range defines the
signal region of the single D¯0 tags. Ntag is the number of single D¯
0 tags and ϵtag is the efficiency for reconstruction of the
single D¯0 tags.
Tag mode ∆E (GeV) MBC range (GeV/c
2) Ntag ϵtag (%)
K+π− (−0.049, 0.044) (1.860, 1.875) 567083 ± 848 70.29 ± 0.07
K+π−π0 (−0.071, 0.052) (1.858, 1.875) 1094081 ± 1692 36.80 ± 0.03
K+π−π−π+ (−0.043, 0.043) (1.860, 1.875) 700061 ± 1121 39.57 ± 0.04
K+π−π−π+π0 (−0.067, 0.066) (1.858, 1.875) 158367 ± 749 15.95 ± 0.08
K+π−π0π0 (−0.082, 0.050) (1.858, 1.875) 273725 ± 2859 15.78 ± 0.08
Sum 2793317 ± 3684
the single D¯0 tags. To select the D0 → K−e+νe and
D0 → π−e+νe events, it is required that there are only
two oppositely charged tracks, one of which is identified
as a positron and the other as a kaon or a pion. The
combined confidence level CLK (CLπ) for the K (π)
hypothesis is required to be greater than CLπ (CLK)
for kaon (pion) candidates. For positron identification,
the combined confidence level (CLe), calculated for the
e hypothesis using the dE/dx, TOF and EMC measure-
ments (deposited energy and shape of the electromag-
netic shower), is required to be greater than 0.1%, and
the ratio CLe/(CLe + CLπ + CLK) is required to be
greater than 0.8. We include the 4-momenta of near-by
photons with the direction of the positron momentum to
partially account for final-state-radiation energy losses
(FSR recovery). In addition, to suppress fake photon
background it is required that the maximum energy of
any unused photon in the recoil system, Eγ,max, be less
than 300 MeV.
Since the neutrino escapes detection, the kinematic
variable
Umiss ≡ Emiss − |p⃗miss| (IV.6)
is used to obtain the information about the missing neu-
trino, where Emiss and p⃗miss are, respectively, the total
missing energy and momentum in the event, computed
from
Emiss = Ebeam − Eh− − Ee+ , (IV.7)
where Eh− and Ee+ are the measured energies of the
hadron and the positron, respectively. The p⃗miss is cal-
culated by
p⃗miss = p⃗D0 − p⃗h− − p⃗e+ , (IV.8)
where p⃗D0 , p⃗h− and p⃗e+ are the momenta of the D
0 me-
son, the hadron and the positron, respectively. The 3-
momentum p⃗D0 of the D
0 meson is computed by
p⃗D0 = −pˆtag
√
E2beam −m2D0 , (IV.9)
where pˆtag is the direction of the momentum of the single
D¯0 tag. If the daughter particles from a semileptonic
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FIG. 2. Umiss distributions of events for (a) D¯
0 tags vs.
D0 → K−e+νe, and for (b) D¯0 tags vs. D0 → π−e+νe,
where the dots with error bars show the data, the solid lines
show the best fit to the data, and the dashed lines show the
background shapes estimated by analyzing the “cocktail vs.
cocktail DD¯ process” Monte Carlo events and the “non-DD¯
process” Monte Carlo events (see text for more details).
decay are correctly identified, Umiss is zero, since only
one neutrino is missing.
Figures 2 (a) and (b) show the Umiss distributions for
the D0 → K−e+νe and D0 → π−e+νe candidate events,
respectively. In both cases, most of the events are from
the D0 → K−e+νe and D0 → π−e+νe decays. Back-
grounds from DD¯ processes include mistagged D¯0 and
D0 decays other than the semileptonic decay in ques-
tion. Other backgrounds are from “non-DD¯ process”
processes. From the simulated “cocktail vs. cocktail DD¯
process” events, we find that the DD¯ background events
are mostly from D0 → K−π0e+νe, D0 → K−µ+νµ
and D0 → π−e+νe selected as D0 → K−e+νe, and
8
TABLE I. Summary of the single D¯0 tags and efficiencies for reconstruction of the single D¯0 tags, where ∆E gives the
requirements on the energy difference between the measured EKnπ and beam energy Ebeam, while the MB range defines the
signal region of the single D¯0 tags. Ntag is the number of single D¯
0 tags and ϵtag is the efficiency for reconstruction of the
single D¯0 tags.
Tag mode ∆E (GeV) MBC range (GeV/c
2) Ntag ϵtag (%)
K+π− (−0.049, 0.044) (1.860, 1.875) 567083 ± 848 70.29 ± 0.07
K+π−π0 (−0.071, 0.052) (1.858, 1.875) 1094081 ± 1692 36.80 ± 0.03
K+π−π−π+ (−0.043, 0.043) (1.860, 1.875) 700061 ± 1121 39.57 ± 0.04
K+π−π−π+π0 (−0.067, 0.066) (1.858, 1.875) 158367 ± 749 15.95 ± 0.08
K+π−π0π0 (−0.082, 0.050) (1.858, 1.875) 273725 ± 2859 15.78 ± 0.08
Sum 2793317 ± 3684
the single D¯0 ags. To select the D0 → K−e+νe and
D0 → π−e+νe events, it is required that there are only
two oppositely charged tracks, one of which is identified
as a positron and the other as a kaon or a pion. The
combined confidence level CLK (CLπ) for the K (π)
hypothesis is required to be greater than CLπ (CLK)
for kaon (pion) candidates. For positron i entification,
the combined confidence level (CLe), calculated for the
e hypothesis using the dE/dx, TOF and EMC measure-
ments (deposited energy and shape of the electromag-
netic shower), is required to be greater than 0.1%, and
the ratio CLe/(CLe + CLπ + CLK) is required to be
greater than 0.8. We include the 4-momenta of near-by
photons with th direction of the positron momentum to
partially account for final-state-radiation energy losses
(FSR recovery). In addition, to suppress fake photon
background it is required that the maximum energy of
any unused photon in the recoil system, Eγ,max, be less
than 300 MeV.
Since the neutrino escapes detection, the kinematic
variable
Umiss ≡ Emiss − |p⃗miss| (IV.6)
is used to obtain the information about the missing neu-
trino, where Emiss and p⃗miss are, respectively, the total
missing energy and momentum in the event, computed
from
Emiss = Ebeam − Eh− − Ee+ , (IV.7)
where Eh− and Ee+ are the measured energies of the
hadron and the positron, respectively. The p⃗miss is cal-
culated by
p⃗miss = p⃗D0 − p⃗h− − p⃗e+ , (IV.8)
where p⃗D0 , p⃗h− and p⃗e+ are the momenta of the D
0 me-
son, the hadron and the positron, respectively. The 3-
momentum p⃗D0 of the D
0 meson is computed by
p⃗D0 = −pˆtag
√
E2beam −m2D0 , (IV.9)
where pˆtag is the direction of the momentum of the single
D¯0 tag. If the daughter particles from a semileptonic
0
2 0
4000
(a)
-0.2 -0.1 0 0.1 0.20
100
2 0
300
400 (b)
 (GeV)missU
Ev
en
ts 
/ (
 2
.5
 M
eV
 )
FIG. 2. Umiss distributions of events for (a) D¯
0 tags vs.
D0 → K−e+νe, and for (b) D¯0 tags vs. D0 → π−e+νe,
where the dots with error bars show the data, the solid lines
show the best fit to the data, and the dashed lines show the
background shapes estimated by analyzing the “cocktail vs.
cocktail DD¯ process” Monte Carlo events and the “non-DD¯
process” Monte Carlo events (see text for more details).
decay are correctly identified, Umiss is zero, since only
one neutrino is missing.
Figures 2 (a) and (b) show the Umiss distributions for
the D0 → K−e+νe and D0 → π−e+νe candidate events,
respectively. In both cases, most of the events are from
the D0 → K−e+νe and D0 → π−e+νe decays. Back-
grounds from DD¯ processes include mistagged D¯0 and
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retical uncertainties in the form factor calculations.
From the measured ratio of
fπ+(0)|Vcd|
fK+ (0)|Vcs|
given in
Eq.(VI.27) together with the LCSR calculation of
fπ+(0)/f
K
+ (0) = 0.84± 0.04 [44], we determine
|Vcd|
|Vcs| = 0.238± 0.004± 0.002± 0.011, (VII.3)
where the first error is statistical, the second one system-
atic, and the third one is from LCSR normalization.
B. Comparison of |Vcs| and |Vcd|
Table XVIII and Table XIX give comparisons of our
measured |Vcs| and |Vcd| with those measured at other
experiments. Our measurements of |Vcs| and |Vcd| are of
higher precision than previous results from bothD meson
decays and W boson decays.
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FIG. 10. Comparisons of the measured form factors (squares
with error bars) with the LQCD calculations [14] (solid lines
present the central values, bands present the LQCD uncer-
tainties).
Table XX gives a comparison of our measured
|Vcd|/|Vcs| with the one measured by CLEO-c [28] and
the world average calculated with |Vcd| and |Vcs| given in
PDG2014 [6]. Our measurement of the ratio is in excel-
lent agreement with the world average.
VIII. SUMMARY
In summary, by analyzing about 2.92 fb−1 data col-
lected at 3.773 GeV with the BESIII detector operated
at the BEPCII collider, the semileptonic decays of D0 →
K−e+νe and D0 → π−e+νe have been studied. From a
total of 2793317± 3684 single D¯0 tags, 70727.0± 278.3
D0 → K−e+νe and 6297.1 ± 86.8 D0 → π−e+νe signal
events are observed in the system recoiling against the
single D¯0 tags. These yield the decay branching frac-
tions
B(D0 → K−e+νe) = (3.505± 0.014± 0.033)%
and
B(D0 → π−e+νe) = (0.295± 0.004± 0.003)%.
Using these samples of D0 → K−e+νe and D0 →
π−e+νe decays, we study the form factors as a function
of the squared four-momentum transfer q2 for these two
decays. By fitting the partial decays rates, we obtain the
parameter values for several different form-factor func-
tions. For the physical interpretation of the shape pa-
rameters in the single pole and modified pole models,
the values of the parameters obtained from our fits sig-
nificantly deviate from those expected by these models.
This means that the data do not support the physical
interpretation of the shape parameter in those models.
We choose the values of fK+ (0)|Vcs| and fπ+(0)|Vcd| ob-
tained with the two-parameter series expansion as our
main result. In this case, we obtain the form factors
fK+ (0) = 0.7368± 0.0026± 0.0036
and
fπ+(0) = 0.6372± 0.0080± 0.0044.
Furthermore, using the form factors calculated in recent
LQCD calculations [45, 46], we obtain the CKM matrix
elements
|Vcs| = 0.9601± 0.0033± 0.0047± 0.0239
and
|Vcd| = 0.2155± 0.0027± 0.0014± 0.0094,
where the errors are dominated by the theoretical un-
certainties in the form factor calculations. Our measure-
ment of the product fK+ (0)|Vcs| = 0.7172±0.0025±0.0035
(fπ+(0)|Vcd| = 0.1435± 0.0018± 0.0009) is the most pre-
cise to date and would give more precise value of |Vcs|
Figure 9
BESIII analysis of D0 → pi−e+νe. Left: Umiss = Emiss − pmiss distribution; the blue
curve is a fit o the da poin s, inclu ing the red dashed background contribution Right:
The extracted form factor, fpi(q2), compared to lattice QCD. Modified from Ref. (107)
with permission.
5
K0Lπ
+ and D+ → π+π0, as well as D+ → τ+ντ , are es-
timated by analyzing Monte Carlo samples that are 10
times larger than the data. The input branching fractions
for D+ → K0Lπ+ and D+ → π+π0 are from Ref. [2].
For estimation of the backgrounds from D+ → τ+ντ
d cay, we use branching fraction B(D+ → τ+ντ ) =
2.67×B(D+ → µ+νµ), w ere B(D+ → µ+νµ) is quoted
from Ref. [10] and 2.67 is expected by the SM.
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FIG. 2: The M2miss distribution for selected single µ
+ can-
didates, where dots with error bars indicate the data, the
opened histogram is for Monte Carlo simulated signal events
of D+ → µ+νµ decays, and the hatched histograms are for the
simulated backgrounds from D+ → K0Lπ+ (red), D+ → π0π+
(green), D+ → τ+ντ (blue), all other D-meson decays (yel-
low), and non-DD¯ processes (pink).
The backgrounds from other D decays are corrected
considering the difference in the numbers of events from
the data and simulated events in the range from 0.15
to 0.60 GeV2/c4. Other background events are from
e+e− → γISRψ(3686), e+e− → γISRJ/ψ, where γISR
denotes the photon produced due to initial state radi-
ation, e+e− → qq¯ (q = u, d, or s), e+e− → τ+τ−
and ψ(3770) → non-DD¯ decays that satisfy the event-
selection criteria of purely leptonic decays. The num-
bers of these background events are estimated by ana-
lyzing Monte Carlo samples of each of the above-listed
processes, which are about 10 times more than the data.
After normalizing these numbers of background events
from the Monte Carlo samples to the data, we expect
that there are 42.0 ± 2.3 background events, where the
errors reflect the Monte Carlo statistics, uncertainties in
the branching fractions and/or production cross sections
for the background channels.
After subtracting the number of background events,
409.0 ± 21.2 ± 2.3 signal events (Nnetsig ) for D+ → µ+νµ
remain, where the first error is statistical and the sec-
ond is the systematic associated with the uncertainty
of the background estimate. The weighted overall effi-
ciency for detecting D+ → µ+νµ decays is determined to
be ϵ = 0.6403± 0.0012 by analyzing Monte Carlo simu-
lated events for D+ → µ+νµ in each tagged D− mode;
here the error is due to Monte Carlo statistics. Final state
radiation is include in the Monte C rl simulation.
Inserting ND−tag
, Nnetsig and ϵ into
B(D+ → µ+νµ) =
Nnetsig
ND−tag
× ϵ
and subtracting from the signal a 1.0% contribution com-
ing from D+ → γD∗+ → γµ+νµ [10, 11], in which D∗+
is a virtual vector or axial-vector meson, yields
B(D+ → µ+νµ) = (3.71± 0.19± 0.06)× 10−4,
where the first error is statistical and the second sys-
tematic. This measured branching fraction is consistent
within errors with those measured at BES-I [12], BES-
II [13], and CLEO-c [10], but with the best precision.
The systematic uncertainty in theD+ → µ+νµ branch-
ing fraction determination includes seven contributions:
(1) the uncertainty in the number of D− tags (0.5%),
which contain the uncertainty in the fit to the MBC dis-
tribution (0.5%) and the difference in the fake π0 rates
between the data and the Monte Carlo events (0.1%); (2)
the uncertainty in µ tracking/identification (0.1%/0.8%)
determined by comparing the µ tracking/identification
efficiencies for data and Monte Carlo events, where the
µ± samples are from the copious e+e− → γµ+µ− pro-
cess; (3) the uncertainty in the Eγmax selection require-
ment (0.1%) determined by comparing doubly tagged
DD¯ hadronic decay events in the data and Monte Carlo;
(4) the uncertainty associated with the choice of the
M2miss signal window (0.5%) determined from changes in
the measured branching fractions using different signal
window widths; (5) the uncertainty in the background
estimate (0.6%) due to Monte Carlo statistics of the sim-
ulated backgrounds and uncertainties in the branching
fractions or the production cross sections for the back-
ground channels; (6) the uncertainty in efficiency (0.2%)
arising from the Monte Carlo statistics; (7) the uncer-
tainty in the radiative correction (1.0%), which we take
to be 100% of its central value [10, 11]. The total system-
atic error determined by adding all the component errors
in quadrature is 1.6%.
Inserting the measured branching fraction, GF , the
mass of the muon, the mass of the D+ meson and the
lifetime of the D+ meson [2] into Eq.(1) yields
fD+ |Vcd| = (45.75± 1.20± 0.39) MeV,
where the first error is statistical and the second system-
atic arising mainly from the uncertainties in the mea-
sured branching fraction (1.6%) and the lifetime of the
D+ meson (0.7%) [2]. The total systematic error is 0.9%
for fD+ |Vcd|.
Figure 10
Distribution of missing-mass-squared, M2miss, for the D → µνµ analysis, showing clear and
clean excess at m2ν = 0. The blue fit to the data points includes many background
processes shown as colored shaded regions. Modified from Ref. (109) with permission.
10. FUTURE PROSPECTS
The scientific output summarized in this review is both broad in scope and acceler-
ating in pace. Physics results obtained by BES inform a variety of subjects, directly
impacting our understanding of both weak and strong interactions. Traditional ar-
eas of strength have been supplemented by new topical areas, such as studies of the
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exotic XY Z states and searches for new particles.
The current BESIII collaboration has grown, both in size and in international
participation, into a leading player in particle physics today. Existing data sets
are proving to be very productive and data-taking runs are anticipated to continue
beyond 2020. As discussed in the previous sections, these future physics results
promise to be an substantial addition to the existing BES legacy. The possibility of
unexpected surprises only reinforces our appreciation for those who worked to first
build this program many years ago.
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